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Abstract
Bacterial microcompartments (BMCs) are protein-based organelles widespread
among bacterial phyla and provide a means for compartmentalization of specific
metabolic pathways. They sequester catalytic enzymes from the cytoplasm, using an
icosahedral proteinaceous shell with selective permeability to metabolic molecules
and substrates, to enhance metabolic efficiency. Carboxysomes were the first BMCs
discovered, and their unprecedented capacity of CO2 fixation allows cyanobacteria to
make a significant contribution to global carbon fixation. The carboxysome was
classified as α- and β-carboxysome according to the Rubisco form. The shell of the
carboxysome ensures preferable transport of bicarbonate and CO2 assimilation,
making the carboxysome as an ideal nanobioreactor. Assembly studies and
functional characterization of synthetic carboxysomes are important for
understanding the assembly of carboxysomes in native and heterologous hosts.
Moreover, there is an increasing interest in utilizing synthetic biology to construct
synthetic carboxysomes or carboxysome shells in new hosts, i.e., higher plants, to
enhance carbon fixation and productivity.
In Chapter 1, I summarized the research background and aims of the PhD project. In
Chapter 3, I described the construction of a synthetic operon of β-carboxysomes
from the cyanobacterium Synechococcus elongatus PCC7942 and the synthetic
production of functional β-carboxysome structures in Escherichia coli. The structure,
assembly, activity and interchangeability of synthetic β-carboxysomes were assessed
using confocal, electron and atomic force microscopy, proteomics, immunoblot
analysis, and enzymatic assays. To our knowledge, this is the first production of
functional β-carboxysomes in heterologous organisms. In Chapter 4, the α-
carboxysomes from the chemoautotroph Halothiobacillus neapolitanus were
heterogeneous synthesized in E. coli. To improve the activity, the Rubisco activase
CbbQO complex was introduced to the α-carboxysome expression system. We found
that the addition of Rubisco activase CbbQ can improve the function of the synthetic
carboxysomes and didn’t affect the assembly of synthetic carboxysomes. In Chapter
5, the synthetic α-carboxysome shell was constructed and characterized. In Chapter
6, I summarized the results and prospect the future perspectives for my projects.
This study strengthens synthetic biology toolbox for generating not only functional
carboxysome structures but also BMC-like organelles with tunable activities and
BMC shell. It will inform the improvement of carboxysome engineering and the
construction of functional CO2-fixing modules for plant engineering as well as new
nanoreactors.
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1Chapter 1
Introduction
21.1 Bacterial microcompartments
Bacterial microcompartments (BMCs) are giant, polyhedral, proteinaceous organelles,
distributed in at least 23 different bacterial species (Axen et al., 2014). All BMCs are
consist of a icosahedral protein shell and sequestered enzymes, which can catalyze
sequential reactions within these specialized constructions from the cytoplasm (Bobik
et al., 2006; English et al., 1994; Kerfeld et al., 2010; Shively et al., 1973; Yeates et al.,
2010; Yeates et al., 2011; Yeates et al., 2013). The outer shell contains approximately
4000 protein subunits (Yeates et al., 2008), and a further 10–15,000 protein
molecules are encased inside (Cheng et al., 2008). The BMC are typically around
40~200nm in diameter (Aussignargues et al., 2015), and the combined mass of the
macromolecular assembly is estimated to be between 100 and 600 MDa (Cheng et al.,
2008; Frank et al., 2013). These sophisticated structures allow cells to confine
chemical reaction in space and time, and enhance the efficiency of
compartmentalized metabolic pathways (Frank et al., 2013).
BMCs mainly include the anabolic carboxysomes for carbon fixation found in
cyanobacteria and some chemoautotrophs and anoxygenic phototrophs (Figure 1-1A)
(Shively et al., 1973), as well as a variety of catabolic metabolosomes from
heterotrophic bacteria, such as the propanediol utilization microcompartment (PDU)
(Figure 1-1B) (Bobik et al., 1999) and ethanolamine utilization microcompartment
(EUT) (Figure 1-1C) (Kofoid et al., 1999; Kerfeld et al., 2010; Rae et al., 2013; Kerfeld
et al., 2015; Bobik et al., 2015). Although the functions of distinct BMCs vary in their
encapsulated enzymes, the specialized groups of shell proteins were phylogenetically
3related (Frank et al., 2013; Kerfeld et al., 2015). The BMC shell structurally resembles
an icosahedral viral capsid, with hexameric proteins (BMC-H) containing a single
PF00936 domain (Kerfeld et al., 2005); trimeric proteins (BMC-T) containing two
PF00936 domains (Klein et al., 2009); and pentameric proteins (BMC-P) containing
one PF03319 domain (Tanaka et al., 2008).
Figure 1-1. Models for Bacterial microcompartments (Bobik et al., 2015).
A. Diagram of CO2 fixation in the carboxysome.
B. Diagram of propanediol metabolism in the PDU microcompartment.
C. Diagram of ethanolamine metabolism in the EUT microcompartment.
BMC-H proteins are the most abundant components in the shell and form the planar
facets of the polyhedron (Cannon et al., 1983; Havemann et al., 2003; Roberts et al.,
2012). The characteristic structures of BMC-H shell proteins from both carboxysomes
and metabolosomes have been well studied (Kerfeld et al., 2005; Pang et al., 2014;
Tsai et al., 2007; Crowley et al., 2008; Tanaka et al., 2008; Sagermann et al., 2009;
Heldt et al., 2009; Crowley et al., 2010; Pang et al., 2011; Thompson et al., 2014;
Sinha et al., 2014). The crystal structure showed a 6-fold symmetric hexamer
containing a central pore (coincident with the cyclic symmetry axis) which is assumed
to be constitutively open (Takenoya et al., 2010; Kerfeld et al., 2005; Tsai et al., 2007;
4Tanaka et al., 2008; Tanaka et al., 2010). The size of these pores can admit the
passage of smaller metabolites (e.g., bicarbonate into carboxysomes; alcohols and
carboxylic acids across metabolosome shells) (Kerfeld et al., 2015), and the residues
surrounding the pore tend to be polar and well conserved among orthologous shell
proteins (Kerfeld et al., 2005; Tsai et al., 2007; Kinney et al., 2011; Cai et al., 2013;
Sutter et al., 2013; Cai et al., 2014). Mutation of some of the residues leads to
permeability defects (Sinha et al., 2014).
The BMC-P proteins assemblies a 5-fold symmetric pentamer and were deduced to
cap the vertices of icosahedral shells (Figure 1-2) (Tanaka et al., 2008; Sutter et al.,
2013; Kinney et al., 2011; Yeates et al., 2010). The crystal structures of BMC-T
proteins indicate that they form trimers with pseudohexameric configuration and
sometimes stacked into a double layer (Sagermann et al., 2009; Heldt et al., 2009;
Klein et al., 2009; Cai et al., 2013; Larsson et al., 2017). The diameter of the BMC-T
pore can be changed as a gate by the alternating conformation of the surrounding
residues (Klein et al., 2009; Heldt et al., 2009; Cai et al., 2013; Takenoya et al., 2010;
Pang et al., 2012). The open form of the pores in BMC-T proteins is typically larger
than those in BMC-H shell proteins, likely facilitating the diffusion of the bulkier
carboxysome metabolites, e.g., Ribulose 1,5-bisphosphate (RuBP) (Figure 1-2).
Closure of the pores might be required to maintain the diffusive barrier and selectivity
of the shell (Kerfeld et al., 2015, Klein et al., 2009).
5Figure 1-2. A model for the assembly of the BMC shell (Yeates et al., 2013).
BMC-H (PDB ID: 2A1B, Kerfeld et al., 2005) proteins tile to make a molecular layer
comprising the facets of the shell. BMC-P (PDB ID: 2QW7, Tanaka et al., 2008)
proteins occupy vertex positions in the polyhedral shell, and BMC-T (PDB ID: 3F56,
Klein et al., 2009) proteins can form open and closed pore structure and incorporate
into the BMC-H facets.
The shell segregates metabolic core of the BMC from the cytosol of the cell, and it
displays a remarkable capability to self-assemble (Kerfeld et al., 2015). The
crystallization of a BMC-H protein exhibited that the hexamers tiled into uniformly
oriented layers, evidently suggesting a model for facet formation (Kerfeld et al., 2005).
All the PF00936 domains in BMC-H and BMC-T proteins contain a highly conserved
motif (D/N-X-X-X-K), and it was shown that the antiparallel association of the lysine
residues between neighboring hexamers was crucial for shell assembly (Klein et al.,
2009; Pang et al., 2014; Sinha et al., 2014). In some crystal structures, BMC-H and
BMC-T proteins tile into strips or layers (Kerfeld et al., 2005; Tanaka et al., 2008; Pang
et al., 2014; Crowley et al., 2010). They can also form the fibrous tube, lattices, and
6rolled up protein sheets in vivo when heterologously overexpressed (Parsons et al.,
2010; Pang et al., 2014; Pitts et al., 2012; Heldt et al., 2009; Parsons et al., 2008).
The purified BMC-H proteins under electron micrographs displayed ordered arrays,
and under Atomic Force Microscopy (AFM), the proteins were observed to dissociate
from and incorporate into assembled uniformly oriented shell layers in vitro (Cai et al.,
2013; Lassila et al., 2014; Sutter et al., 2016). Overall, these results demonstrate the
propensity of BMC shell proteins to self-assemble into highly ordered structures
(Kerfeld et al., 2015; Sutter et al., 2017).
Understanding how thousands of proteins constitute the cargo and the shell, and then
assemble and organize into functional organelles is essential for synthetic biology to
design micro-bioreactors (Kerfeld et al., 2015). It was believed that the α-helical
peptide regions could be the potential linker to recruit enzymes into BMC (Parsons et
al., 2010; Fan et al., 2011; Fan et al., 2010; Kinney et al., 2012), like the N-terminal
sequence extension of PduP (Fan et al., 2010) and the C-terminal of the
carboxysomal protein CcmN (Kinney et al., 2012). However, the explicit mechanism of
how to target and incorporate the cargos into the BMC shells has not been fully
clarified.
BMCs have the potential capability for the improvement of cellular activity in the
biosynthesis of non-native metabolites, such as ethanol and biodiesel for biofuel
production (Jordan et al., 2016). The selectivity of the transport of the metabolites can
be furnished by modulation of the shell component and pore properties. Based on the
selective permeability and self-assembly of shell proteins, the BMC shells can be
7used as nanomaterials, such as scaffolds or selectively permeable protein
membranes. The designed selective permeable empty BMC shells could also be used
as transport or storage capsules for drugs (Kerfeld et al., 2015, Frank et al., 2013,
Lassila et al., 2014).
1.2 CO2-concentration mechanisms as compensation for the imperfect enzyme
Rubisco
Ribulose 1, 5-bisphosphate carboxylase/oxygenase (Rubisco) is the essential
enzyme in the Calvin-Benson-Bassham (CBB) cycle of photosynthesis and is widely
distributed in green plants, autotrophic bacteria, and algae. It catalyzes the first step
of CO2 fixation with ribulose 1, 5-bisphosphate (RuBP) to produce two molecules of
3-phosphoglycerate (3-PGA) (Figure 1-3) (Ellis et al., 1979).
There are four phylogenetically diverse clades of Rubisco that have been found in
nature (Watson et al., 1999; Tabita et al., 2007). Form 1 Rubisco is the most abundant
and has been most studied of the four forms. The structure of Form 1 Rubisco is a
hexadecameric (L8S8) enzyme composed of eight large subunits (LSUs) and eight
small subunits (SSUs) assembled into a symmetric structure (Schneider et al., 1992).
The large subunits form into four dimers that then form a catalytic core (L8), with four
small subunits on top and four at the bottom of this core. Plants and the majority of
cyanobacteria utilise Form 1B Rubisco, whereas proteobacteria and a subgroup of
marine cyanobacteria utilise Form 1A Rubisco (Schneider et al., 1992).
8Rubisco is an imperfect enzyme regarding its enzymatic properties (Tcherkez et al.,
2006). Rubisco can not only fix CO2 but also fix O2, and it has a poor capability of
distinguishing CO2 and O2 (Figure 1-3). The Rubisco oxygenase reaction, known as
photorespiration, produces one molecule 3-Phosphoglyceric acid (3-PGA) and one
molecule 2-phosphoglycolate (2-PG). As a result, O2 inhibits the efficiency of carbon
fixation, and cells have to handle the toxic 2-PG compound (Anderson et al., 1971).
The ecological and cellular environment also influence the function of Rubisco. In the
history of the Earth’s atmospheric evolutionary, the low level of O2 didn’t affect carbon
fixation when Rubisco first evolves in cyanobacteria. However, the dramatic decrease
in CO2 concentration and increase in O2 concentration in the atmosphere 400 to 350
million years ago led to O2 becoming a major competitor for Rubisco carbon fixation
(Shih et al., 2016; Badger et al., 2003; Whitney et al., 2011; Price 3t al., 2011d; Berner,
1990).
Figure 1-3. Competition between the Calvin-Benson cycle (photosynthesis) and
photorespiration around RuBisCO (Rubisco structure from PDB: 1RCX, Bhat et al.,
2017; Taylor et al., 1997).
9For improving the efficiency of CO2 fixation, one strategy exploited in most of the C3
crop plants was to increase the Rubisco enzymatic specificity of CO2 and improve the
discrimination between CO2 and O2 (Badger et al., 1998; Tcherkez et al., 2006).
However, in contrast, the carboxylation rate of Rubisco dropped more than three-fold
in C3 crop plants, which means the plants have to maximize the diffusive conductivity
of CO2 (Price et al., 2011d) and use more Rubisco enzymes (Price et al., 2012).
Another strategy, found in cyanobacteria, many algae and some land plants (C4 and
CAM plants), was to develop active CO2-concentrating mechanisms (CCM) to
increase the CO2 supply to Rubisco (Badger et al., 1998). Most of the important crop
plants belong to C3 species, which lack any CCM. Introducing functional CCM in
these species to enhance photosynthesis has been considered as the promising
strategy for increasing crop yield and water use efficiency (von Caemmerer et al.,
2010; Price et al., 2011d; Parry et al., 2012).
The C4 plants developed the cell specialized CCM. In mesophyll cells CO2 is
converted into a 4-carbon organic acid (C4), and in bundle sheath cells C4 acid is
decarboxylated to release CO2 that is then fixed by Rubisco (Wang et al., 2012;
Hanson et al., 2016; Samal et al., 2013). The CAM plants developed a temporal
separation of CO2, which is initially fixed into C4 during the night while Rubisco fixes
CO2 during the daytime. The CCM from C4 plant engineering into the C3 plant is
studying by some researchers, but the division of the cells in C4 plant means the key
enzymes must localize properly in different cells (Hibberd et al., 2008; Sage, 2011;
von Caemmerer et al., 2012). Cyanobacteria have evolved a different type of CCM
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which is single cell-based, involving bicarbonate transporters, CO2 uptake systems
and subcellular compartmental carboxysomes (Gonzalez-Esquer et al., 2016; Price et
al., 2011a; Gaudana et al., 2015). The powerful CCM elevates the CO2 around
Rubisco up to 1000-fold concentrated higher than in air (Badger et al., 2003).
Engineering cyanobacterial CCM into C3 plants might provide the promise for
improving CO2 concentration around Rubisco at the individual leaf chloroplast level,
and as a result, we can increase the photosynthetic efficiency and crop yield (Price et
al., 2007; McGrath et al., 2014).
According to the Rubisco phylogeny, cyanobacteria can be divided into two groups,
the α-cyanobacteria with α-carboxysomes containing Form 1A Rubisco and
β-cyanobacteria with β-carboxysomes encapsulating Form 1B Rbusico (Rae et al.,
2013). Their CCM have similar designs and functions but with different protein
components (Table 1-1) (Rae et al., 2013; Whitehead et al., 2014). The
α-cyanobacteria survive in the ocean with high pH=8.2 and high dissolved carbon but
low nutrient levels. Their cells are small and contain small genomes (1.6-2.8Mb), and
they were thought to consume low energy and low flux, thus requiring a minimal CCM
(Badger et al., 2006; Whitehead et al., 2014). In contrast, β-cyanobacteria are found
in different kinds of habitats, like freshwater, estuarine, and hot springs (Badger et al.,
2006). The cells are larger and possess larger genomes (2.2–3.6 Mb) than the
α-cyanobacteria. Their CCMs are better studied and more complicated than those in
α-cyanobacteria (Whitehead et al., 2014).
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1.3 Ci Uptake
The first step of cyanobacterial CCM is to collect dissolved CO2 and HCO3- as
inorganic carbon (Ci) into the cells from aquatic environments. The β-cyanobacteria
contains an array of carbon uptake transporters (Rae et al., 2011; Rae et al., 2013).
Three types of bicarbonate transporters in the plasma membrane and two types of
CO2-uptake complexes located in the thylakoid membrane were identified in
β-cyanobacteria. For bicarbonate transproters, BCT1 is a multimeric transporter
belonging the traffic ATPase family with high binding affinity to HCO3- (Omata et al.,
1999; Omata et al., 2002); SbtA is an inducible Na+-dependent HCO3- transporter,
also with a high binding affinity to HCO3- (Shibata et al., 2002; Price et al., 2011c;
Price et al., 2004); and BicA is a Na+ -dependent transporter with a much lower affinity
binding to HCO3-, belongs to SulP/SLC26 anion family but can provide higher rates of
transport (Price et al., 2004; Price et al., 2011b; Shelden et al., 2010). The two
CO2-uptake complexes, NDH-I4 and NDH-I3, are derived from the NADHP
dehydrogenase (NDH-I) complexes (Price et al., 2011a), which use NADPH as an
electron donor to impel the conversion of CO2 to HCO3- (Ohkawa et al., 2000; Folea et
al., 2008; Xu et al., 2008; Price et al., 2002; Zhang et al., 2004). NDH-I4 is
constitutively expressed, while NDH-I3 is induced under Ci limitation and has a higher
affinity than NDH-I4. They not only accumulate CO2 diffused from outside of the cells
but also CO2 leaked from the carboxysome (Volokita et al., 1984; Badger et al., 1982;
Espie et al., 1989; Miller et al., 1990; Fridlyand et al., 1996). Furthermore, because
the charged HCO3- cannot easily diffuse across cell membranes like CO2, the
12
conversion of CO2 into HCO3- further concentrates Ci inside the cell (Zarzycki et al.,
2012). Meanwhile, HCO3- is maintained because of the absence of carbonic
anhydrase (CA) in the cytosol which can rapidly interconvert carbon dioxide and
bicarbonate to maintain acid-base balance (Volokita et al., 1984; Price et al., 1989).
However, the Ci uptake is still poorly studied in α-cyanobacteria and was considered
to contain a few constitutive Ci transporters (Rae et al., 2011; Beck et al., 2012). The
homologous sbtA2 and bicA2 genes have been identified in α-cyanobacteria, but their
roles remain unknown (Price et al., 2008; Badger et al., 2006; Rae et al., 2011;
Shibata et al., 2002). BCT1 was only present in β-cyanobacteria (Badger et al., 2006)
and an exceptional α-cyanobacterium, Synechococcus WH5701, which can survive in
both freshwater and saltwater conditions. The CO2 uptake system is significantly
diverse between α-cyanobacteria species: some Synechococcus spp. species only
possess the NDH-I4 complex, Prochlorococcus species leak the entire system,
whereas Synechococcus WH5701 and Cyanobium PCC 7001 possess both
complexes (Price et al., 2007; Whitehead et al., 2014).
1.4 Carboxysomes
The carboxysome as the final step of cyanobacteria CCM, which encapsulates the
Rubisco enzyme by a selectively permeable shell that acts as a physical barrier to
permit the transition of HCO3-, RuBP, 3-PGA, and may block CO2 efflux and O2 influx
(Cai et al., 2009; Price et al., 2007; Rae et al., 2013). The accumulated HCO3- by Ci
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uptake can easily pass through the positively charged pores into the lumen of the
carboxysome (Kerfeld et al., 2005; Tsai et al., 2007; Kinney et al., 2011), where the
carboxysomal CA dehydrates HCO3- into CO2 that is then fixed by Rubisco into 3-PGA.
As a result, the CCMs of cyanobacteria accumulate in a much higher density of CO2
around the encapsulated Rubisco and achieve a high catalytic rate for carboxylation.
The size of the α-carboxysome is approximately 100 nm, which is smaller than
β-carboxysome that is around 150 nm (Faulkner et al., 2017). The genes to express
α-carboxysome proteins tend to cluster in one operon, the cso operon (Roberts et al.,
2012) whereas the genes of β-carboxysomes disperse into small operons in the
genome containing ccm genes. The shell proteins of α- and β-carboxysomes,
including BMC-H, BMC-T, and BMC-P proteins, have significant sequence homology
regions and have been termed typical BMC domains as described before (Kerfeld et
al., 2010; Rae et al., 2013). The CsoS1 from α-carboxysomes (Tsai et al., 2007; Cai et
al., 2014) and CcmK from β-carboxysomes (Kerfeld et al., 2005, Tanaka et al., 2008;
Cai et al., 2014; Samborska et al., 2012; Tanaka et al., 2009) form the major shell.
CsoS4 from α-carboxysomes (Cai et al., 2009) and CcmL from β-carboxysomes
(Keeling et al., 2014; Sutter et al., 2013) are BMC-P proteins that cap the vertices.
CsoS1D from α-carboxysomes (Klein et al., 2009; Roberts et al., 2012) and CcmP,
CcmO from β-carboxysomes (Cai et al., 2013; Marco et al., 1994) are BMC-T proteins
that act as the gate of the shell (Table 1-1) (Kerfeld et al., 2016). Other carboxysome
proteins may have similar function but do not carry sequence homology between the
two types of carboxysomes, such as CsoS2 that is thought to be target Form 1A
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Rubisco to the α-carboxysome shell (Cai et al., 2015) while CcmN works similarly in
β-carboxysomes (Cameron, et al., 2013), without sharing any structure similarity. The
CA encapsulated inside α- and β-carboxysomes are also different, with β-class CA
CsoCA in α-carboxysome and γ-class CA CcmM and β-class CA CcaA in
β-carboxysome (Kerfeld et al., 2016; Rae et al., 2013).
Figure 1-4. Model of β-carboxysome and α-carboxysome assembly.
A. Model of β-carboxysomes assembly, Rubisco (green) were aggregated by
CcmM35 RbcS-like domain (black), and then recruit the shell proteins (CcmK2-blue
and CcmL-yellow) by encapsulation peptide (EP) on CcmN (pink)(Cameron et al.,
2013).
B. Model of α-carboxysome assembly, Rubisco (green) were captured inside of the
shell by CsoS2 (yellow and pink) as well as the shell (blue) assembling (Kerfeld et al.,
2016).
Furthermore, the Rubisco package in the two types of carboxysomes is also different
from each other. The Rubsico enzymes inside β-carboxysomes were scaffolded in
paracrystalline arrangement while the Rubisco inside α-carboxysomes are ordered
layers bound to the shell (Rae et al., 2013; Kerfeld et al., 2016). Therefore, the
assembly pathways of α-carboxysome and β-carboxysome were thought to be distinct.
In α-carboxysomes, the partially assembled shells with attached Rubisco molecules
were observed by Cryo-electron tomography, and the Rubsico knockout carboxysome
A B
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mutant resembled WT α-carboxysome structures, both suggesting that the shell and
interior enzymes possess independent assemble pathways (Menon et al., 2008).The
CsoS2 in α-carboxysomes from Halothiobacillus neapolitanus, which has have two
isoforms because of the ribosomal frameshifting elements, was thought to be the
essential factor to recruit Rubisco into carboxysomes (Figure 1-4B) (Chaijarasphong
et al., 2016). The β-carboxysome appears to assemble from the inside core with
soluble Rubisco nucleated into a procarboxysome by CcmM35 which contains three
RbcS-like domains. The N-terminal of CcmN binds to the procarboxysome through
interaction with the N-terminal γ-CA domain of CcmM58, and the C-terminus of CcmN
form an amphipathic α-helix as the encapsulation peptide can help the
procarboxysome interact with the assembling shell protein by CcmK and CcmO. And
finally, the functional carboxysomes are fully encapsulated and released when CcmL
is localized on the vertex (Figure 1-4A) (Cameron et al., 2013).
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β-carboxysomes α-carboxysomes
Protein Description Protein Description
Shell CcmK2,3,4 Hexamer CsoS1A,B,C Hexamer
CcmO,P Trimer CsoS1D Trimer
CcmL Pentamer CsoS4A,B Pentamer
CA
enzymes
CcaA β-class CA CsoS3 β-class
CcmM γ-class CA
Structural
proteins
CcmN With encapsulation
peptide
CsoS2 RuBisCO
Nucleation protein
CcmM RuBisCO
Nucleation protein
Rubisco
enzyme
RbcL Form 1B Rubisco
Large subunit
CbbL Form 1A Rubisco
large subunit
RbcS Form 1B Rubisco
small subunit
CbbS Form 1A Rubisco
small subunit
Table 1-1. The model α-carboxysomal proteins from Halothiobacillus
neapolitanus C2 and the model β-carboxysomal proteins from Synechococcus
elongatus PCC 7942.
The locations of carboxysomes in cyanobacteria were indicated to be controlled by
cytoskeletal filaments (Savage et al., 2010) which also help to control spacing and
distribution of carboxysomes during cell division because the carboxysomes tend to
be equally inheritable by daughter cells (Savage et al., 2010). However, another
recent research showed that carboxysomes are self-organized along the nucleoid
(MacCready et al., 2018), which leads to the regulation of the carboxysome position
needs more further research. The number of the carboxysomes decreases strongly
under high CO2 concentration, and as it controls the important metabolic reaction of
photosynthesis, the number and the spatial positioning of carboxysomes also
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responds to light and the photosynthetic electron flow (Sun et al., 2006).
In addition to the carboxysomal elements, Rubisco activase (Rca) can structural
remodel Rubisco into an active enzyme. Different forms of Rubisco need various
types of Rca which belong to the AAA+ family (ATPases Associated with diverse
cellular Activities) (Neuwald et al., 1999). In β-cyanobacteria, Rca proteins were
detected in Synechococcus sp. PCC 7942 (Friedberg et al., 1993) while in
α-cyanobacteria CbbQO complex was determined as Rca (Tsai et al., 2015). The
CbbQ protein encodes a ~30 kDa single AAA+ subunits as the Rubisco activase and
the CbbO was thought as an adapter between CbbQ and Rubisco (Tsai et al., 2015).
1.5 Engineering carboxysomes and cyanobacterial CCM
The α-carboxysomes from H. neapolitanus have been heterologously synthesized in
E. coli, resulting in the production of well-formed structure, functional CO2 fixation in
vitro and in vivo (Bonacci et al., 2012). The α-carboxysome can also be functionally
formed in the biotechnological platform species Corynebacterium glutamicum
(Baumgart et al., 2017). These studies clarified that the α-carboxysome could
self-assembly independently of the host which is useful for improving the engineering
of the synthetic carboxysomes and further synthetic in the plant or other hosts. The
intact β-carboxysomes haven’t been reported to be heterologously synthesized. But
the shell proteins of β-carboxysome from Halothece sp. PCC 7418 were
heterogeneously expressed and formed empty polyhedral shells in E. coli (Cai et al.,
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2016).
The benefits of engineering the cyanobacteria CCM into crop plant chloroplast could
be significant. A stepwise strategy for engineering cyanobacterial CCM into C3 plant
chloroplasts has been proposed (Price et al., 2012). The first step is to introduce Ci
transporter to the chloroplast envelope. Installing BicA and/or SbtA transporter into
chloroplast inner envelope could increase 5%~15% of CO2 fixation rates at constant
substomatal CO2 levels (Price et al., 2011d). The second step is to build functional
carboxysomes in the chloroplast stroma. The third step is to remove CA from the
stroma to complete the environment in the chloroplast that only contain
carboxysomal- CA. And the final step is to build functional NDH-1 CO2 uptake
complexes in thylakoid membranes to reduce CO2 leakage (Price et al., 2012).
Attempts have been made to install cyanobacterial CCM into plant chloroplasts. The
expression of BicA from Synechococcus PCC 7002 in tobacco chloroplast was
succeeded but didn’t affect the photosynthetic CO2 assimilation rates, which implies
that installed BicA had no activity (Pengelly et al., 2014). The β-carboxysome proteins
CcmK2, CcmM, CcmL, CcmO and CcmN from Synechococcus elongatus PCC 7942
were transiently transformed into tobacco chloroplasts and formed highly organized
structures resembling empty microcompartments (Lin et al., 2014a). The tobacco
Rubisco was also replaced by the cyanobacteria Rubisco with/without RbcX and
CcmM35, but resulted in a slower growth than wild-type plants and required high CO2
conditions (Lin et al., 2014b; Occhialini et al., 2016).
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Based on the previous observations, it appears that more factors need to be
considered in carboxysome engineering, such as the Rubisco chaperonin GroEL/ES
which will facilitate Rubisco assembly (Hauser et al., 2015; Andersson et al., 2008),
Rubisco activase which remodels functional Rubisco, and Rubisco assembly factor
Raf1, which maintains environmentally regulated Rubisco homeostasis (Kolesinski et
al., 2017). Therefore, engineering carboxysomes in E. coli are important to verify the
essential components for future research.
1.6 Summary of this study
The carboxysomes are the final step of cyanobacterial CCM and play an essential
role in bacterial CO2 fixation. The remarkable ability of the carboxysome can increase
the efficiency of CO2 fixation has attracted the attention of researchers. The aim of my
PhD study is to explore the assembly mechanisms and engineering strategies of
carboxysomes in bacterial systems. There are three objectives. The first objective is
to construct an entire β-carboxysome in E. coli (Chapter 3). By combining all the five
operons of the β-carboxysome from Synechococcus elongatus PCC 7942 and
expressing this the inducible plasmid in E. coli, I produced carboxysome-like
structures in E.coli with Rubisco activity. In addition, I studied the interchangeability of
BMC building blocks: the large subunit of Rubisco Form 1A can be incorporated into
β-carboxysomes, the major shell protein CsoS1A from α-carboxysomes and PduA
from PDU microcompartment can be recruited to the shell of β-carboxysomes. It gives
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us the possibility to modify carboxysome composition and structure for new functions.
The second project is to achieve a better functional synthetic α-carboxysomes by
adding the Rubisco activase CbbQO complex (Chapter 4). Then I constructed and
characterized the empty shells of α-carboxysomes in E. coli (Chapter 5). As a part of
BMC with CO2 accumulation, the carboxysome shell is an ideal nanocage for
metabolized reaction.
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2.1 Medium and Culture of E. coli and cyanobacteria
The E. coli TOP10 (One Shot™ TOP10 Chemically Competent E. coli Thermofisher
Scientific C404010) or BL21(DE3) [One Shot™ BL21(DE3) Chemically Competent E.
coli Thermofisher Scientific C600003] cells grown aerobically in lysogeny broth (LB)
or LB agar plates (Sigma, UK). Medium supplements were used at the following final
concentrations: 50 μg∙mL-1 for kanamycin, spectinomycin and chloramphenicol, 100
μg∙mL-1 ampicillin.
The cultures of Synechococcus elongatus strain PCC 7942 (Koksharova et al., 2006)
were grown at 30ºC in BG11 medium (Table 2-1) in culture flasks with constant
shaking or on BG11 1.5% (weight/volume) agar plates with white light intensity about
50 µE·m−2·s−1 (Sun et al., 2016).
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Table 2-1. Stock solutions of BG11 (Castenholz 1988)
100 x BG11: g/L
NaNO3 149.6
MgSO4·7H2O 7.49
CaCl2 3.6
Citric acid 0.6
Na2EDTA 1.12 mL 0.25M solution, pH 8.0
Trace elements: g/100 mL
H3BO3 0.286
MnCl2·4H2O 0.181
ZnSO4·7H2O 0.022
Na2MoO4·2H2O 0.039
CuSO4·5H2O 0.008
Co(NO3)2·6H2O 0.005
Iron stock: g/100 mL
Ferric citrate 0.6
Phosphate stock g/100 mL
K2HPO4 3.05
Na2CO3 stock g/100 mL
Na2CO3 2.0
100 x TES buffer
TES (1M) 22.9g, NaOH to pH 8.2
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For 1 litre BG11 liquid medium, add 10 mL 100 x BG11, 1 mL trace elements and 1 mL
iron stock, autoclave and cool to 50ºC, then add 1 mL phosphate stock and 1 mL
Na2CO3 stock (sterilized by 0.22 µm filter separately), add antibiotics if required.
For 1 litre BG11 agar plates, add 10 mL 100 x BG11, 1 mL trace elements, 1 mL iron
stock, 10 mL 100 x TES buffer, 3 g sodium thiosulphate and 15 g agar, autoclave and
cool to 50ºC, add 1 mL phosphate stock and 1 mL Na2CO3 stock (sterilized by 0.22
µm filter separately), add antibiotics if required, mix and pour plates.
2.2 Genomic extraction, plasmid minipreparation and competent cell
preparation
The genomic DNA of Synechococcus elongatus PCC 7942, Halothiobacillus
neapolitanus (Cannon et al., 2003; Hutchinson et al., 1965), and Salmonella
Typhimurium LT2 (McClelland et al, 2001) was extracted from cell culture by
GenElute™ Bacterial Genomic DNA Kit (Sigma) (Vázquez-Laslop et. al., 2006). All
the plasmids were mini prepared by the GeneJET Plasmid Miniprep Kit
(Thermo-Fisher, UK) (Birnboim et al., 1979; Vogelstein et al., 1979).
For the chemically competent cells, 250 mL of OD600~0.4 E.coli cells were placed on
ice for 20 min, and the cells harvested by centrifugation at 3000 g for 15 min at 4ºC.
The supernatant was decanted and the pellet was ently resuspended in about 20 mL
of ice-cold 100 mM MgCl2. The bacteria were pelleted at 3000 g at 4°C for 10 min,
resuspended in 15 mL of 100 mM CaCl2, and incubated on ice for 30 min. After
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spinning down again, the supernatant was discarded, and the pellets gently
resuspended in 4 mL of 0.1 M CaCl2 with 20% (v/v) glycerol solution. The cells were
stored in 50 μl aliquots and frozen with liquid nitrogen at −80°C (Sambrook et al.,
1989).
2.3 Preparation of Plasmids
In Chapter 3, genes were cloned from the genomic DNA of Synechococcus elongatus
PCC 7942 by CloneAmp™ HiFi PCR Premix (Clontech), synthesized genes were
brought from Sigma-Aldrich (Holliday et al., 2014). Primers were designed to contain
In-Fusion (Zhu et al., 2007) recombination sites appropriate for the assembly of the
desired construct (Table 2-2). Every operon contains 50 bp upstream and 20 bp
downstream to preserve the native promoter and ribosome-binding site sequence of
all the genes. The operons were inserted into the pETM11 vector digested at EcoR I
and Xho I sites or the pAM2991 vector (a gift from Susan Golden from Texas A&M
University, Addgene plasmid # 40248) (Ivleva et al., 2005) at EcoR I and BamH I sites
by In-Fusion® HD Cloning (Clontech) (Zhu et al., 2007). Genes encoding
RbcL-eGFP-RbcS were cloned from the genomic DNA of the RbcL-eGFP (enhanced
Green Fluorescent Protein ) Syn7942 mutant (Sun et al., 2016) and inserted into the
pTTQ18 vector (Addgene plasmid # 69122) (Stark et al., 1987) at EcoR I and Xba I
sites; the same strategy was used for cloning and inserting CcmK4-GFP at EcoR I
and Kpn I sites. Genes encoding CsoS1A and CbbL were cloned from the genomic
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DNA of H. neapolitanus, fused with the genes of CFP (Cyan Fluorescent Protein) and
eYFP (enhanced Yellow Fluorescent Protein), respectively, and inserted into
pAM2991 by In-Fusion cloning. The pduA gene was cloned from the genome of S.
Typhimurium LT2, fused with superfolder GFP (sfGFP), and inserted into pAM2991 by
In-Fusion cloning.
In Chapter 4, CsoS1D plasmids were constructed using In-Fusion® HD Cloning Plus
(Zhu et al., 2007) and CloneAmp™ HiFi PCR Premix. The operons for H.
neapolitanus cso and csoS1D was amplified from the pHnCBS1D plasmid (Addgene
plasmid # 52065) (Bonacci et al., 2012) containing nine genes of the cso operon and
csoS1D. The pAM2991 plasmid for CsoS1D plasmid was digested with BamH I and
EcoR I. The CsoS1DCbbQ plasmid was obtained from Prof G Dean Price (Australian
National University).
In Chapter 5, the CsoS1D plasmid from Chapter 4 was transformed into an
electrocompetent BW25113 strain (Baba et al.,2006) which carries the λ Red
expression plasmid pKD46 (Datsenko et al, 2000). The aadA gene (confers
streptomycin resistance) was amplified from the pIJ778 plasmid (Gust et al., 2003)
with 39bp overlap as the same as the DNA sequence in front of cbbL and after cbbS,
and then electroporation transformed into the same BW25113 cell. The colonies were
selected on the spectinomycin LB plate to get the ∆cbbL:cbbS plasmid. Then
spectinomycin was cut off with utilising Flp-FRT recombination (Zhu et al., 1995) and
the pCP20 plasmid (Cherepanov et al., 1995).
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All the restriction endonucleases were purchased from New England Biolabs (UK).
Other reagents were purchased from Sigma-Aldrich (US) or Thermo-Fisher (UK).
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Table 2-2. Primer lists
Primers Sequences 5’-3’ Description Source
Long
fragment F:
CCCCTGCCAGTCTCT
TCTGATTAAGGTTTGC
TTCTTGCTAGAGAC
To amplify the operons of
β-carboxysome for
pLFbC901-pETM11
plasmid, which is used in
Chapter 3 to express full
β-carboxysome in E.coli.
In-fusion primers.
PCR
template
from
Syn7942
genomic
DNA and
synthesize
d genes.
Long
fragment R:
TCAACATATTCTACTAT
CAAGACAAATCAGGC
TTTAG
Short
fragment F:
TTTGTCTTGATAGTAG
AATATGTTGATGGCTC
TTC
Short
fragment R:
ATCTCAGTGGTGGTG
GTGGTGGTGCAATCA
ACGTGTTGAACAATTT
C
6k F
CCCCTGCCAGTCTCT
TCTGATTAAG
GTTTGCTTCTTGCTAG
AGAC
To amplify the main operon
of β-carboxysome for
pLFbC601-pETM11
plasmid, which is used in
Chapter 3 to express partial
β-carboxysome in E.coli.
In-fusion primers.
PCR
template
from
Syn7942
genomic
DNA.6k R
ATCTCAGTGGTGGTG
GTGGTGGTGCCTATC
AAGACAAATCAGGCT
TTAG
RbcL F
ACAGGAAACAGCGAT
GCCCAAGACGCAATC
TGCC To amplify the fragment for
rbcL-eGFP-rbcS-pTTQ18
plasmid used in Chapter 3.
In-fusion primers.
PCR
template
from
Syn7942
genomic
DNA (Sun
et al.,
2016).
RbcL R
GCCTGCAGGTCGACT
TTAGTAGCGGCCGGG
ACG
ccmK4 F
GCGCGAATTCGATGT
CTCAGCAGGCAATTG
G
To amplify the fragment for
ccmK4-eGFP-pTTQ18
plasmid used in Chapter 3.
In-fusion primers.
PCR
template
from
Syn7942
genomic
DNA (Sun
et al.,
ccmK4 R
GCGCGGTACCATTCC
GGGGATCCGTCGACC
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2016).
β-cb-pAM29
91 F
AGGAAACAGACCATG
GGTTTGCTTCTTGCTA
GAG
To amplify the fragment for
pLFbC901- pAM2991
plasmid which can express
β-cb in Syn7942, used in
Chapter 3. In-fusion
primers.
PCR
template
from
pLFbC901-
pETM11.
β-cb-pAM29
91 R
CAGGTCGACTCTAGA
GAATCAACGTGTTGA
ACAATTTC
CsoS1A F
AGGAAACAGACCATG
GAGGCTTGTTCCGGT
TCTTTG
To amplify the fragments for
csoS1A-CFP- pAM2991
plasmid which can express
α-carboxysome protein in
Syn7942, used in Chapter
3. In-fusion primers.
PCR
template
from
genomic
DNA and
CFP-pIJ77
8 plasmid
(per-existin
g in this
lab).
CsoS1A R:
CTCCGGGCCCGGCA
GTTAGGCTTGTGGCG
CCTT
CFP F
CTGCCGGGCCCGGA
GCTG
CFP R
CAGGTCGACTCTAGA
G
TTAAGCGCTTACGTAG
AGC
CbbL F
AGGAAACAGACCATG
GATGGCAGTTAAAAA
GTATAGTG
To amplify the fragments for
cbbL-YFP- pAM2991which
can express α-carboxysome
protein in Syn7942, used in
Chapter 3. In-fusion
primers.
PCR
template
from H.
neapolitanu
s genomic
DNA and
YFP-pIJ77
8
(per-existin
g in this
lab).
CbbL R
CTCCGGGCCCGGCA
GTCAACGATTTTGAGT
GTCGA
YFP F
CTGCCGGGCCCGGA
GCTG
YFP R
CAGGTCGACTCTAGA
GTTACTTGTACAGCTC
GTC
pduA F
ACACAGGAAACAGAC
CATGGCCCAACTATC
GGAACACTC
To amplify the fragments for
pduA-sfGFP- pAM2991
which can express PDU
protein in Syn7942, used in
Chapter 3. In-fusion
primers.
PCR
template
from
S.Typhimur
ium LT2
genomic
DNA and
sfGFP
pduA R
GGAGCCAGCGGATCC
TTGGCTAATTCCCTTC
GGTA
sfGFP F GCCAAGGATCCGCTG
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plasmid
(per-existin
g in this
lab).
GCTCCGCTGC
sfGFP R
CCTGCAGGTCGACTC
TAGAGAAGGAGGATA
TTCATATGTTATTTG
CsoS1D-F
AGGAAACAGACCATG
GATGGCAGTTAAAAA
GTATAGTGC
To amplify the
α-carboxysome whole
operon for
csoS1D-pAM2991 plasmid
in Chapter 4, which can
express α-carboxysome in
E.coli.
PCR
template
from
pHnCBS1D
plasmid
(Bonacci et
al., 2012)
CsoS1D-R
CAGGTCGACTCTAGA
GTTAGAACCCTTCAG
CGCG
CsoS1D-1
ACGGCGTACTGCTGC
ACATC
The DNA sequencing
primers used in Chapter 4 to
detect the sequence of
CsoS1D and CsoS1DCbbQ
plasmid.
CsoS1D-2
AGCGTGTCGTAGTGC
GTATC
CsoS1D-3
TCCAGGACGCAATGG
CTATC
CsoS1D-4
GCGGTTCGTGTCGTT
CAATC
CsoS1D-5
CGGCTTGATTACAGG
AACCC
CsoS1D-6
TGGACATACGCTGCC
CGAAG
CsoS1D-7
CAACAACCTCTCGCA
AATCG
CsoS1D-8
GAGGGATGTTGGGTC
TTTAC
CsoS1D-9
GCGTGTCCACTCAGA
AGTAG
pAM2991 F
TCGGAAGCTGTGGTA
TGGCT
pAM2991 R
AGATAAAACGAAAGG
CCCAG
CsoCbbQ-10
ACCTTGATCAATCGC
CAGTT
CsoCbbQ-11 TTAAAAGAACGTTTTG
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2.4 Heterologous expression of α-, β-carboxysomes and α-shell
BL21(DE3) cells transformed with the expression plasmids were grown in LB media at
37ºC until OD600 reaches 0.3–0.5, then isopropyl-β-D-1-thiogalactopyranoside (IPTG)
was added into the cultures at a final concentration of 50 μM for protein introduction
(Hansen et al., 1998) at 18ºC overnight.
Syn7942 wild-type and RbcL-eGFP and CcmK4-eGFP mutants (Sun et al., 2016)
were transformed with the generated pAM2991 vectors described above. Cells from
single colonies were grown in BG11 media at the constant light until the middle of the
exponential growth phase and then induced proteins with 100 μM IPTG overnight at
30°C.
ACGA
Spec-F
AGCGGATAACAATTTC
ACACAGGAAACAGAC
CATGGATGATTCCGG
GGATCCGTCGACC To amplify aadA gene, used
in Chapter 5.
Recombination primers.
PCR
template
from pIJ778
plasmid.
Spec-R
GCGTAGAGAAACGCA
CAGCGCAATGACAGA
CTTGACTTATGTAGGC
TGGAGCTGCTTC
CbbL F
ATGGCAGTTAAAAAGT
ATAG Primers can amplify
CbbL-CbbS operon, used
for detection in Chapter 5.CbbS R
TTAGTTGCCGCGGTA
GACCA
CsoS3 F
TCATGAACACCCGTA
ACAC
Primers can amplify
CsoS3-CsoS4B operon,
used for detection in
Chapter 5.CsoS4B R
TAGCGATGGTCAAGT
TAC
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2.5 Purification of synthetic carboxysomes and shells
The BL21(DE3) competent cells were transformed with plasmids expressing α-,
β-carboxysomes or α-carboxysome shells. 10 mL of cells were grown overnight at
37ºC. The cultures were then diluted 1:100 in 1 L flasks of LB and incubated at 37ºC
with shaking until OD600 reaches 0.4, and then were induced with 50 μM IPTG for
overnight at 18ºC. Cells were harvested by centrifugation at 5,000 g for 10 min at 4ºC.
For β-carboxysome isolation, cell pellets were washed once with TE buffer (10 mM
Tris pH 8.0, 0.1 mM EDTA), and was then resuspended into 18 mL TE buffer and 2 mL
CelLytic™ B Cell Lysis Reagent (Sigma-Aldrich, US) with 1% Protease Inhibitor
Cocktails (Thermo-Fisher, UK), and then cell breakage was achieved using a
Stansted pressure cell homogenizer three times (Stansted Fluid Power, UK). The cell
lysate was then treated with 1% n-dodecyl β-maltoside (Sigma-Aldrich, UK) for 1 hour
at 4ºC.
For α-carboxysome and α-carboxysome shell isolation, cell pellets were washed once
with TEMB buffer (10 mM Tris-pH8.0, 10 mM MgCl2, 1mM EDTA, and 20 mM NaHCO3)
and then resuspended in 18 mL buffer TEMB and 2 mL CelLytic™ B Cell Lysis
Reagent (Sigma-Aldrich, UK) and 1% Protease Inhibitor Cocktails (Thermo-Fisher,
UK), and then cell breakage was achieved using a Stansted pressure cell
homogenizer three times (Stansted Fluid Power, UK).
After the cell breakage, cellular debris was removed by centrifuge at 12,000 g for 10
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min. The supernatants were centrifuged at 50,000 g for 20 min to enrich synthetic
carboxysomes or carboxysome shells. The generated pellet was gently resuspended
in 2 mL TE or TEMB buffer and was centrifuged at 3,000 g 1min. For β-carboxysomes,
the 2 mL supernatant was applied to a 9-mL sucrose gradient made of 1.5 mL of each
10%, 20%, 30%, 40%, 50% and 60% sucrose in TE buffer. For α-carboxysomes and
α-carboxysome shells, the 2 mL supernatant was applied to a 10-mL sucrose gradient
made of 2 mL of each 10%, 20%, 30%, 40% and 50% sucrose in TEMB buffer.
The gradient was centrifuged at 105,000g for 30 min at 4ºC. Fractions of 1~1.5 mL
were collected and analyzed for SDS-PAGE. The carboxysome-enriched fractions
were diluted 20 times using TE or TEMB buffers and were centrifuged at 50,000 g for
20 min to pellet the carboxysomes. The pellets were then resuspended in 0.5 mL TE
or TEMB buffer and stored at 4ºC for short-term or nitrogen frozen and stored at -80ºC
for long-term.
2.6 SDS-PAGE
BL21(DE3) soluble fractions were prepared by sonication at 4°C and then mixed with
4x SDS-PAGE sample loading buffer (250 mM Tris–pH 6.8, 8% (w/v) SDS, 0.2% (w/v)
bromophenol blue, 40% (v/v) glycerol, 20% (v/v) β-mercaptoethanol). For protein
samples, 20 mg of the isolated carboxysomes and carboxysomes shell proteins were
mixed with 4x SDS-PAGE sample loading buffer. After 95ºC heating for 10 mins,
samples were centrifuged at 12,000 g for 1 min and then loaded on 15% (v/v)
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denaturing SDS-PAGE gels. 3 µL of unstained protein ladder (PageRuler™ Plus
Prestained Protein Ladder, 10-250 kDa from Thermo-Fishe) was loaded as size
standards. SDS-PAGE was performed at 170 V with Laemmli electrophoresis running
buffer (25 mM Tris, 192 mM glycine, and 1% SDS). The gels were stained by
Coomassie blue stain buffer (0.25% Coomassie Brilliant Blue R-250, 20% Methanol,
10% Acetic Acid) and distained by destaining buffer (20% Methanol, 10% Acetic
Acid).
Table 2-3. Recipes for SDS-PAGE gel
15% (v/v) denaturing SDS-PAGE gel: total volume 5 mL
Acrylamide/bis (30% 37.5:1; Severn biotech) 2.5 mL
Tris (1.5 M, pH 8.8) 1.25 mL
SDS, 10% 50 µL
Tetramethylethylenediamine (TEMED) (Thermo-Fisher) 50 µL
Ammonium persulfate (APS), 10% 5 µL
MQ H2O 1.15 mL
4% (v/v) stacking gel: total volume 2.5 mL
Acrylamide/bis (30% 37.5:1; Severn biotech) 0.335 mL
Tris (0.5 M, pH 6.8) 0.625 mL
SDS, 10% 25 µL
Tetramethylethylenediamine (TEMED) (Thermo-Fisher) 25 µL
Ammonium persulfate (APS), 10% 2.5 µL
MQ H2O 1.49 mL
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2.7 Immunoblot Analysis
The samples for western blot were loaded on 15% (v/v) denaturing SDS-PAGE gels
with PageRulerTM Plus Prestained Protein Ladder, 10 to 250 kDa from Thermo-Fisher.
4 pieces of 3 MM filter paper and a piece of PVDF membrane (Bio-Rad, US) were
per-cut, and then wetted the PVDF membrane in 100% methanol for 30 sec, drained
and equilibrated the membrane immediately with transference buffer (25 mM Tris
base, 150 mM glycine, 10% methanol) and shaking for 5 minutes. The gel was also
soaked in transference buffer for 15 sec and then assembled the blot ‘sandwich’. The
transfer was produced at 90 V for 45 min at 4ºC in transference buffer.
After transfer, PVDF membrane was rinsed with TBS buffer (50 mM Tris-pH7.5, 150
mM NaCl) for 5 min and proceeded to immunoblot. First, block the membrane with 5%
milk in TBS (blocking buffer) for 1 h at room temperature or overnight at 4ºC, and
wash the membrane with TBST buffer (50 mM Tris, 150 mM NaCl, 0.1% Tween 20)
for 5 min. Then the membrane is incubated with primary antibody (rabbit polyclonal
anti-RbcL dilute in 1:10,000 from Agrisera, Sweden or anti-CcmK2 antibody, a gift
from Prof Kerfeld, Berkeley) in blocking buffer for 4 h at room temperature or
overnight in cold room on a swing shaker. When the incubation was finished, the
membrane washed in TBST buffer (3 times), 5 min each, and then incubate the
membrane in secondary antibody (anti-rabbit immunoglobulin G dilute in 1:10,000
from GE Healthcare, US) in TBST buffer at room temperature for 1.5 h. Finally the
membrane was washed in TBST buffer (3 times, 5 min each), followed by two washes
with TBS buffer, 5 min each. Signals were visualized using the Clarity Western ECL
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Substrate Kits (Bio-Rad, US) and images were taken by ImageQuant LAS 4000 (GE
Healthcare Life Sciences).
2.8 Proteomic analysis
Whole cell proteomic analysis of β-carboxysomes was performed as follows: 20 mL of
E. coli cells expressing synthetic carboxysome proteins were harvested in 25 mM
NH4HCO3 buffer. After washing and sonication, the cell lysates in 25 mM NH4HCO3
bufferin in 1.5 mL tubes were subjected to mass spectrometry analysis. The isolated
50µg proteins of α-carboxysome and α-carboxysome shell from the sucrose fraction
were washed with PBS buffer and followed the protocol as described previously
(Faulkner et al., 2017).
A final concentration of 0.05% (w/v) of RapiGest SF (Waters Corporation,US) was
added to the sample for 10 min incubation at 80ºC. The sample was then reduced
with 3 mM dithiothreitol for 10 min at 60ºC, then 9 mM iodoacetamide was added for
30 min in the dark at room temperature, and sample digested with trypsin at 37ºC
overnight. The digest was terminated by the adding of 1 μL trifluoroacetic acid (TFA).
Data-dependent LC-MS/MS analysis was carried on the QExactive
quadrupole-Orbitrap mass spectrometer with the Dionex Ultimate 3000 RSLC
nano-liquid chromatograph (Hemel Hempstead, UK). 2 μL of each sample was loaded
onto the trapping column (Acclaim PepMap 100 C18, 75 μm × 2 cm, 3 μm packing
material, 100 Å) in 0.1% TFA, 2% acetonitrile H2O, and set in line with the analytical
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column (EASY-Spray PepMap RSLC C18, 75 μm × 50 cm, 2 μm packing material,
100 Å). Peptides were eluted by a linear gradient of 96.2% buffer A (0.1% formic acid):
3.8% buffer B (0.1% formic acid in water: acetonitrile 80: 20, v/v) to 50% buffer A: 50%
buffer B over 30 min at 300 nL min−1. The mass spectrometry analysis was carried in
data-dependentacquisition (DDA) mode with survey scans between m/z 300–2000
acquired at a mass resolution of 70 000 (FWHM) at m/z 200. The maximum injection
time was 250 ms and the automatic gain control as 1e6. The peptides were
fragmented by higher-energy collisional dissociation using a normalized collision
energy of 30%. Dynamic exclusion of m/z values to prevent repeated fragmentation of
the same peptide was used with an exclusion time of 20 sec.
The raw data file was analyzed by Progenesis QI for Proteomics (Version 3.0
Nonlinear Dynamics, Newcastle upon Tyne UK, a Waters Company). Peak picking
parameters were applied with sensitivity set to maximum and features with charges of
2+ to 7+ were retained. A Mascot Generic File, created by Progenesis, was searched
against the Syn7942 database from UniProt or H. neapolitanus database from
UniProt with the sequence of yeast enolase (UniProt: P00924) added. Trypsin was
specified as the protease with one missed cleavage allowed and with fixed
carbamidomethyl modification for cysteine and variable oxidation modification for
methionine. A precursor mass tolerance of 10 ppm and a fragment ion mass tolerance
of 0.01 Da were applied. The results were then filtered to obtain a peptide false
discovery rate of 1%. Protein quantification was calculated using Hi3 methodology
using yeast enolase (50 fmol μL−1) as a standard protein.
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2.9 Rubisco assay
For in vivo Rubisco assays, 120 µL of E. coli cells (OD600 = 4.0) or 120 µL of Syn7942
cells (OD750 = 4.0) in Rubisco assay buffer (100 mM EPPS, pH 8.0; 20 mM MgCl2)
were added into a 250 µL reaction. Radiometric assays for 14C were performed
following the previously described protocol (Price and Badger, 1989) with an
additional cell permeabilization treatment (Schwarz et al., 1995). Rubisco activities of
isolated synthetic β-carboxysome structures were determined as previously described
(Faulkner et al., 2017). 5 µL of 1 mg∙mL-1 isolated synthetic β-carboxysomes in
Rubisco assay buffer was added. Samples were added into scintillation vials
containing NaH14CO3 at a final concentration of 25 mM and incubated at 30°C for 2
min before the addition of D-ribulose 1,5-bisphosphate sodium salt hydrate (RuBP,
Sigma Aldrich, US) at a final concentration of 5 mM. The reaction proceeded for 5 min
and was terminated by adding 2:1 volume 10% formic acid. The samples were dried
for at least 30 min at 95°C to remove unfixed 14C, and then the fixed 14C pellets were
resuspend in ultra-pure water and 2 mL of scintillation cocktail (Ultima Gold XR,
PerkinElmer, US). Radioactivity measurements were then captured by the scintillation
counter (Tri-Carb, PerkinElmer, US). Raw readings were used to calculate the amount
of fixed 14C, aligned by control samples without providing RuBP (Yaqi, 2016; Faulkner
et al., 2017) and then converted to the total carbon fixation rates. Results are
presented as mean ± standard deviation (SD).
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2.10 Fluorescence microscopy
The E. coli BL21(DE3) cells possessing RbcL-eGFP-RbcS-pTTQ18 and
CcmK4-pTTQ18 with or without pLFbC901 were cultured in 37ºC until OD600 reaches
0.6 and then they were induced with 50 μM IPTG overnight at 18°C. Preparation of E.
coli and Syn7942 cells for confocal microscopy were set by drying a drop of cell
culture onto LB or BG-11 agar plates. Blocks of agar with the cells dried onto the
surface were covered with a coverslip and placed under the microscope. The E. coli
and Syn7942 cells were imaged using a Zeiss LSM710 or LSM780 with a 63× or 100×
oil-immersion objective and excitation at 488 nm. Live-cell images were recorded from
at least five biological repeat cultures. All images were captured with all pixels below
saturation. Image analysis was carried out using ImageJ software (NIH Image).
Automated analysis of the number of carboxysomes in Syn7942 cells was
programmed into the image analysis software Image SXM
(http://www.imagesxm.org.uk/), as described earlier (Sun et al., 2016).
2.11 Transmission electron microscopy
E. coli cells expressing β-, α-carboxysomes and α-carboxysome shell proteins were
pelleted and fixed for 1 h with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer at pH 7.2. Samples were stained for 1 hour with 2% osmium
tetroxide and 1.5% potassium ferrocyanide, followed by staining with 1%
thiocarbohydrazide for 20 min and 2% osmium tetroxide for 30 min. Afterward,
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samples were washed with ultrapure water, stained with 1% uranyl acetate for
overnight at 4°C. The samples were dehydrated with a series of increasing alcohol
concentrations (30 to 100%) and followed with embed in resin. Thin sections of 70 nm
were cut with a diamond knife.
The structures of isolated β-, α-carboxysomes and α-carboxysome shells for negative
staining were prepared on glow-discharged, collodion-carbon-coated copper grids
(200 mesh/inch). A droplet of the sample solution was placed on the grid for 5 min,
excess liquid was then blotted off and the samples were fixed with 2% glutaraldehyde
for 90 sec, followed by successive washes on three droplets of double-distilled water.
Samples on the grids were stained with 3% uranyl acetate. Images were recorded
using an FEI Tecnai G2 Spirit BioTWIN FEI transmission electron microscope. Image
analysis was carried out using ImageJ software (NIH Image) and purified
β-carboxysome were processed by Plot Profile analysis (Figure 3-4D).
2.12 Atomic force microscopy
Isolated β-, α-carboxysome and α-carboxysome shell samples were adsorbed onto
freshly cleaved mica surface in TN buffer (10 mM Tris, 5 mM NiCl2, pH 8.0) for 1 hour
at room temperature, and then washed and imaged with TN buffer. AFM imaging was
captured on a MultiMode 8 AFM with NanoScope V controller (Bruker, Santa Barbara,
US) in peak force tapping mode in liquid at room temperature. The spring constant of
0.4 N m−1 AFM tips (Scanassyst air HR, Bruker, Santa Barbara, US) were used for
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high-resolution imaging, and the tip spring constant was routinely calibrated. The
average imaging force was 100 pN.
AFM experiments on β-, α-carboxysomes and α-carboxysome shell were carried out
in solution to ensure their structural and functional integrity (Faulkner et al., 2017).
Confocal-AFM images were operated using a NanoWizard 3 AFM (JPK) integrated
with a Zeiss LSM880 confocal microscope. Samples were adsorbed on glass slides in
adsorption buffer (10 mM Tris-HCl, 150 mM KCl, 25 mM MgCl2, pH 7.5) for 10 mins at
room temperature, and then washed with imaging buffer (10 mM Tris-HCl, 150 mM
KCl, pH 7.5). Confocal images were captured using a 40× objective with 488 nm
excitation. Particles with high-intensity GFP signal were imaged by AFM in
Quantitative Imaging (QI) mode. The scanning force is ~100 pN. Image analysis was
performed using JPK SPM Data Processing (JPK).
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Chapter 3
Engineering and modulating
functional β-cyanobacterial
CO2-fixing organelles
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3.1 Introduction
Subcellular compartmentalization is a hallmark of eukaryotic cells, allowing cells to
perform and confine various chemical reactions in space and time, and provide a
means for eliminating metabolic crosstalk and enhancing the efficiency of
compartmentalized metabolic pathways (Giessen and Silver, 2016; Hammer and
Avalos, 2017). Compartmentalization also occurs in the prokaryotic cytoplasm and
membranes, such as photosynthetic membranes (Liu, 2016). A particular example is
bacterial microcompartments (BMCs), which are distributed in at least 23 different
bacterial phyla, sequestering enzymes within the specialized niches from the
cytoplasm (Axen et al., 2014; Chowdhury et al., 2014; Kerfeld and Erbilgin, 2015). All
BMCs are made entirely of proteins, including interior enzymes that catalyze
sequential reactions and an encapsulating shell. The architecture of the BMC shell
resembles an icosahedral viral capsid, with facets composed of hexameric and
trimeric proteins and vertices capped by pentameric proteins (Kerfeld et al., 2005;
Tanaka et al., 2008; Klein et al., 2009; Sutter et al., 2017). These multiple protein
paralogs have specific permeability for the passage of metabolites. Three types of
BMCs have been extensively studied: the carboxysomes for CO2 fixation, the PDU
BMCs for 1, 2-propanediol utilisation, and the EUT BMCs for ethanolamine utilisation
(Bobik et al., 2015; Kerfeld and Erbilgin, 2015).
The ﬁrst BMCs identified were the carboxysomes, the central machinery for CO2
fixation in cyanobacteria (Figure 3-1A)(Shively et al., 1973). Composed of thousands
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of protein subunits, carboxysomes encapsulate the CO2-fixation enzyme Rubisco and
carbonic anhydrase in a protein-based shell. Compartmentalization of these enzymes
and the selective permeability of the shell that allows for the diffusion of HCO3− and
diminishes CO2 leakage ensure a high CO2 concentration near Rubisco (Cai et al.,
2009), thereby favouring the higher carboxylation rates of Rubisco within
carboxysomes and enhanced carbon fixation. According to the Rubisco phylogeny,
protein composition and assembly, carboxysomes can be classified as
α-carboxysomes (possessing Form 1A Rubisco) and β-carboxysomes (containing
plant-like Form 1B Rubisco) (Rae et al., 2013). It has been deduced that
α-carboxysomes and β-carboxysomes embrace distinct assembly pathways. The
α-carboxysome shell assembles concomitantly with aggregation of Rubisco (Iancu et
al., 2010) or even without Rubisco packing (Baker et al., 1998; Menon et al., 2008),
whereas de novo assembly of β-carboxysomes follows the “inside out” mode: the
β-carboxysome shell begins assembly after RuBisCO aggregation (Chen et al., 2012;
Cameron et al., 2013). The CO2-fixing organelles in the model freshwater
cyanobacterium Synechococcus elongatus PCC 7942 (Syn7942) are
β-carboxysomes, which have specific spatial location and regulation in cyanobacterial
cells (Savage et al., 2010; Sun et al., 2016). There are about 4~5 β-carboxysome per
cell in Syn7942 under moderate light (ML, 50 μE·m−2·s−1) (Figure 3-1A), and the light
and the roles of photosynthetic electron flow can control the numbers and positioning
of β-carboxysome (Sun et al., 2016).
The β-carboxysome shell in Syn7942 is composed of the hexameric proteins major
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shell protein CcmK2, and minor shell proteins CcmK3 and CcmK4 constructing shell
facets (Kerfeld et al., 2005), CcmO as trimer protein (Rae et al., 2012) and the CcmL
pentamers located at the vertices (Figure 3-1B)(Tanaka et al., 2008). Rubisco
enzymes form a densely-packed paracrystalline array in the β-carboxysome lumen
(Faulkner et al., 2017). The packing of Rubisco is mediated by the 35 kDa truncated
version of CcmM (CcmM35)(Long et al., 2010; Long et al., 2011). The longer form of
CcmM, Ccm58, contains an N-terminal domain with homology to γ-carbonic
anhydrase and a C-terminal domain comprising three small subunit-like domains
(SSUs) with homology to RbcS, the small subunit of Rubisco (Peña et al., 2010).
CcmM interacts with the carboxysomal β-carbonic anhydrase (CcaA), Rubisco, and
CcmN that acts as a bridge between CcmM and the shell (Figure 1-4A)(Long et al.,
2007; Long et al., 2010; Kinney et al., 2012). Though structurally resembling
icosahedral virus capsids, β-carboxysomes present a soft mechanical fingerprint
(Faulkner et al., 2017).
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Figure 3-1. The physical organization of the β-carboxysomes.
A. Thin-section TEM image of Synechococcus elongatus PCC 7942 cells grow under
ML. Arrows show carboxysomes with polyhedral shape (Scale bar: 1 µM) (Sun et al.,
2016).
B. A model of the β-carboxysome structure as an icosahedron (Zarzycki et al., 2013).
The self-assembly, modularity and metabolic compartmentalisation and enhancement
of BMCs make these bacterial organelles an ideal engineering objective (Frank et al.,
2013). BMC shell proteins have been shown to self-assemble to form flat sheets or
tubular structures (Pang et al., 2014; Noël et al., 2016; Sutter et al., 2016), and empty
shells (Lassila et al., 2014; Cai et al., 2015; Held et al., 2016; Sutter et al., 2017).
Expression of ccmK1, ccmK2, ccmL, and ccmO from the cyanobacterium Halothece
sp. PCC 7418 in Escherichia coli could generate the synthetic β-carboxysome shells,
~ 25 nm in diameter (Cai et al., 2016). Likewise, empty BMC shells with the diameter
of ~ 40 nm were obtained by expressing a synthetic operon of Haliangium ochraceum
BMC shell genes (Lassila et al., 2014; Sutter et al., 2017). The empty BMC shells,
without encapsulated enzymes, are notably smaller than the native BMCs.
Furthermore, previous studies have demonstrated the possibilities of engineering
entire PDU BMCs from Citrobacter freundii and EUT BMCs from Salmonella enterica
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in E. coli (Parsons et al., 2008; Parsons et al., 2010; Choudhary et al., 2012).
Expressing the α-carboxysome operon from a chemoautotroph Halothiobacillus
neapolitanus has also led to the production of recombinant carboxysome-like
structures with CO2 fixation activity in E. coli (Bonacci et al., 2012) and in a
Gram-positive bacterium Corynebacterium glutamicum (Baumgart et al., 2017). Apart
from engineering BMCs in bacterial expression systems, efforts have been made to
express β-carboxysome components in the chloroplasts of the model plant tobacco
Nicotiana benthamiana. It was illustrated that transient expression of β-carboxysome
proteins CcmK2, CcmM, CcmL, CcmO and CcmN could lead to the formation of
carboxysome-like circular structures (Lin et al., 2014a). Moreover, Rubisco enzymes
with a high carboxylation rate could be produced in tobacco chloroplasts by importing
Syn7942 Rubisco-CcmM35 complexes to replace endogenous plant Rubisco (Lin et
al., 2014b; Occhialini et al., 2016). Despite the recent advancement of carboxysome
engineering, until now, heterologous production of entire functional β-carboxysome
structures in any non-native hosts has not been reported, to our knowledge.
In this study, we generated a synthetic operon consisting of 12 β-carboxysome genes
from Syn7942 and expressed the construct in E. coli to produce synthetic
β-carboxysome-like structures with CO2 fixation capacity. We further purified the
synthetic β-carboxysomes and elucidated their structure, activity and
interchangeability. This study improves our knowledge for engineering functional BMC
structures in heterologous organisms and emphasises the necessity of optimizing the
expression of carboxysome modules. It represents a step towards modulating BMC
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structures and functions using synthetic biology, to produce new nanobioreactors and
biomaterials with expanded biotechnological applications.
3.2 Results
3.2.1 Expression of Syn7942 β-carboxysomes in Escherichia coli
In contrast to the genes of α-carboxysomes that are mainly clustered together into a
single operon, β-carboxysome genes typically appear in multiple dispersed gene
clusters throughout the genome (Rae et al., 2013). In Syn7942, the twelve genes
encoding β-carboxysomal proteins are distributed in five different chromosomal loci
and the major carboxysome genes are structured in one locus containing the
ccmKLMNO and rbcLS operons (Figure 3-2A). We generated a synthetic operon, by
assembling all the twelve β-carboxysomal genes, to express β-carboxysomes
heterologously. Additionally, the ccmKLMNO and rbcLS operons were assembled into
a single synthetic operon, for producing β-carboxysome structures with a reduced
number of genes to be expressed. These two operons, containing the native
promoters of individual carboxysome genes, were then inserted into an E. coli
expression vector pETM11 under a T7 promoter, to generate the pLFbC901 and
pLFbC601 constructs in the host E. coli BL21DE3 (Figure 3-2A).
Expression of β-carboxysome components in E. coli was induced by IPTG (Figure
3-2D). The formation of β-carboxysome structures was verified by thin-section
electron microscopy (Figure 3-2B). The carboxysome-like structures (~ 200 nm in
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diameter) (Figure 3-2B) with a high internal protein density were observed in both
recombinant E. coli cells harbouring pLFbC901 and pLFbC601 but are not present in
the WT E. coli cells without carboxysome-expressing vectors (Figure 3-2B). The size
of the carboxysome-like structures in pLFbC901 and pLFbC601 are similar (Figure
3-2B). Rubisco assays were performed to determine the in vivo carbon fixation
activities of recombinant E. coli cells. Compared with WT BL21(DE3) cells which also
treated with IPTG, both pLFbC601 and pLFbC901 exhibit high carbon fixation
activities, suggesting the functioning of recombinant carboxysome-like structures in
the heterologous expression (Figure 3-2C). In addition, the recombinant E. coli cells
containing pLFbC901 present a higher carbon fixation activity than the pLFbC601
cells, likely due to the roles of CcaA, CcmK3K4, CcmP and RbcX in carboxysome
structure and function. Because of the higher carbon fixation activity, we mainly
focused on the pLFbC901 expression in the following study.
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Figure 3-2. Synthetic operon design and heterologous expression of synthetic
β-carboxysomes in E. coli.
A. Schematic representation of the molecular organization of the natural
β-carboxysome operons spread in five loci within the Syn7942 genome and the
synthetic β-carboxysome operons (pLFbC901 and pLFbC601) inserted in the E. coli
expression vector pETM11. Locus tags are indicated.
B. Thin-section TEM images of E. coli WT and cells expressing β-carboxysome
proteins using pLFbC601 and pLFbC901 plasmids. Arrows indicate
β-carboxysome-like structures with polyhedral shapes observed in pLFbC601 and
pLFbC901 E. coli cells.
C. In vivo carbon fixation activities of E. coli WT, pLFbC901 and pLFbC601 cells,
indicating the CO2-fixing functions of synthetic β-carboxysomes. A relatively higher
CO2-fixing activity of pLFbC901 E. coli cells compared to that of pLFbC601 E. coli
cells was determined. Data are presented as mean ± SD, results come from 3
biological repeat. Statistical analysis implies the significant difference (***p<0.001,
two-tailed t-test).
D. SDS-PAGE of the total cell extracts of the recombinant E. coli pLFbC901 and the
control E. coli cells. Putative β-carboxysome proteins (RbcL, RbcS, CcmM, CcmK2,
CcmK4) were identified based on their molecular weights.
***
***
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CyanoBase UniProt Protein Description
Masco t
score
Coverage
(%)
Synpcc7942
_1426
Q31NB3
Rubisco large chain
RbcL
206 14
Synpcc7942
_1427
Q31NB2
Rubisco small chain
RbcS
178 42
Synpcc7942
_1421
Q03511 CcmK2 155 40
Synpcc7942
_1423
Q03513 CcmM 129 6
Synpcc7942
_0285
Q31RK2 CcmK4 112 24
Table 3-1. Proteomic analysis of identified β-carboxysome proteins expressed
by pLFbC901 in the whole E. coli cell extract.
To evaluate the assembly of β-carboxysomal proteins in E. coli, we generated another
two plasmids. One (RbcL-eGFP-RbcS) contains the rbcLS operon with the enhanced
green fluorescent protein (eGFP) gene fused at the 3’ end of rbcL, which encodes the
interior protein RbcL (Rubisco large chain) and the other (CcmK4-eGFP) comprises
the gene of the shell protein CcmK4 fused with egfp at the 3’ end. The two plasmids
were transformed into E. coli strains, respectively, and were expressed in the absence
or presence of pLFbC901 (Figure 3-3). E. coli WT cells were treated in the same
conditions as the control (Figure 3-3, left). Without the expression of pLFbC901, the
expressed RbcL-eGFP-RbcS and CcmK4-eGFP are evenly distributed in the
cytoplasm, and no detectable protein aggregation was visualized under this induction
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condition (Figure 3-3, middle). Co-expression of pLFbC901 with RbcL-eGFP-RbcS or
CcmK4-eGFP can trigger the formation of protein assemblies (Figure 3-3, right),
which shows the fluorescence spots exhibiting in the cytoplasm, and they also have a
notable propensity to localized at the cell poles (Figure 3-3, right, arrows). These cell
pole assemblies could be the inclusion bodies caused by the overexpression of RbcL
or CcmK4, as has been discerned in the heterologous expression of PDU BMCs and
α-carboxysomes (Parson et al., 2010; Bonacci et al., 2012). However, the cytoplasmic
foci observed when co-expressing RbcL-eGFP-RbcS/CcmK4-eGFP and the
recombinant β-carboxysome operon are reminiscent of the β-carboxysome structures
observed in Syn7942 and may represent the β-carboxysome self-assemblies
(Savage et al., 2010; Cameron et al., 2013).
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Figure 3-3. Fluorescence microscopy images of E. coli WT and cells expressing
β-carboxysome components.
A. E. coli cells expressing RbcL-eGFP-RbcS in the absence or presence of the
pLFbC901 vector. The blank E. coli cells were treated with the same conditions as the
control.
B. E. coli cells expressing CcmK4-eGFP in the absence or presence of the
pLFbC901 vector. The appearance of eGFP fluorescent puncta (arrows) indicates the
assembly of β-carboxysome proteins in E. coli.
3.2.2 Purification and characterization of synthetic β-carboxysomes
Purification of recombinant β-carboxysomes was performed by sucrose density
gradient centrifugation, following the induction of E. coli constructs (Figure 3-4A). We
used the RbcL-eGFP-RbcS and pLFbC901 co-expression strain to facilitate the
purification and detection of synthetic β-carboxysomes. The eGFP tagging has been
used in isolating natural β-carboxysomes from Syn7942 (Faulkner et al., 2017). The
majority of synthetic β-carboxysomes-like structures were detected in the 50%
sucrose fractions by fluorescence imaging (Figure 3-4B). Rubisco assays of each
β-carboxysome fraction also reveal that the 50% fraction presents the highest
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Rubisco activity (Figure 3-4C). By contrast, native β-carboxysomes from Syn7942
were found in the 40% fraction (Faulkner et al., 2017). This is ascribed to the relatively
larger size of synthetic β-carboxysomes-like structures (~ 200 nm, Figure 3-2B) in
contrast to native β-carboxysomes (~ 150 nm)(Faulkner et al., 2017), which might
because of several factors, like missing chaperones to help Rubisco assembly,
missing Rubisco accumulating factors or different cytoplasmic conditions.
The same purification strategy is also applicable to synthetic β-carboxysomes without
eGFP fusion and functional synthetic β-carboxysomes could be obtained in the 50%
fraction, as confirmed by 14C radiometric Rubisco assays (Figure 3-4D). It is worth
noting that the yield of synthetic β-carboxysomes was low and the carboxysome
proteins were not clearly identifiable in SDS-PAGE. However, immunoblot analysis
using anti-RbcL and anti-CcmK2 revealed the presence of interior and shell proteins
in isolated synthetic β-carboxysomes (Figure 3-4E).
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Figure 3-4. Purification and characterization of synthetic β-carboxysomes
produced in E. coli.
A. Step sucrose gradient separation of synthetic β-carboxysomes with and without
RbcL-eGFP-RbcS from pLFbC901.
B. Fluorescence detection of β-carboxysomes fused with eGFP in different sucrose
fractions.
C. Fluorescence intensities of eGFP signals in different sucrose fractions, indicating
the aggregation and abundance of β-carboxysome structures in each sucrose
fraction.
D. Rubisco activities of β-carboxysomes in 50% sucrose fraction determined by 14C
radiometric assay.
E. Immunoblot analysis of 50% sucrose fraction using α-RbcL and α-CcmK2
antibodies, corroborating the presence of interior (RbcL) and shell proteins (CcmK).
Electron microscopy images of purified β-carboxysomes describe that synthetic
β-carboxysomes-like structures are 200-300 nm in diameter (Figures 3-5A and 5B),
slightly larger than native β-carboxysomes from Syn7942 (Faulkner et al., 2017).
Moreover, although they do not exhibit manifestly a regular icosahedral shape and
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symmetry, the particles still show the clear edges and vertices which is typical in
carboxysome. Despite the possibility of being artifacts in sample preparation, the
structural variations of native and synthetic β-carboxysomes-like structures may be a
consequence of the change in protein abundance, ratio and organization, which
requires further optimization.
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Figure 3-5. Negative-staining TEM images of isolated recombinant
β-carboxysomes.
A. Representative β-carboxysome structures showing the polyhedral shape. The
diameter of synthetic β-carboxysomes falls in the range of 200-300 nm.
B. Irregular β-carboxysome structures observed, implying the heterogeneity of
recombinant β-carboxysomes. However, the densely-packed paracrystalline arrays of
interior proteins could be discerned (dash lines).
C. Zoom-in inspection of the paracrystalline arrays depicted in (B, rectangle).
D. Cross-section profile analysis of the paracrystalline arrays illustrates the periodic
arrangement of interior proteins and the center-to-center distance between
neighboring proteins is ∼10 nm.
E. Four-fold symmetrized correlation average TEM image of the interior protein (top)
matches the atomic structure of Rubisco holoenzymes (bottom, PDB: 1UZH),
indicating that the observed densely-packed interior particles are Rubisco enzymes.
Closer inspection of the electron micrographs reveals the highly-ordered
paracrystalline arrays of interior proteins within the β-carboxysomal lumen (Figures
3-5B and 5C). Cross-section analysis by Plot Profile (ImageJ) illustrates that the
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center-to-center distance of the interior proteins is about 10 nm (Figure 3-5D), the
same as previous research (Faulker et al., 2017) . The specific protein arrangement
observed in synthetic β-carboxysome-like particles is in good agreement with the
Rubisco packing of the native β-carboxysome discriminated in previous studies
(Kaneko et al., 2006; Faulkner et al., 2017). The individual proteins in the
paracrystalline arrays depicted in the EM image were further analyzed using four-fold
symmetrized cross-correlation single-particle averaging (Fechner et al., 2009; Liu et
al., 2011d; Casella et al., 2017). The average protein structure matches well the
atomic structure of Rubisco holoenzyme (Figure 3-5E). All of these results suggest
that these proteins are Rubisco enzymes. Furthermore, because we can also detect
the shell proteins from the isolated structure (Figure 3-4E), we suppose the isolated
particles are the densely packed Rubisco and carboxysomes shell proteins
assembled into carboxysome-like structures.
Furthermore, we studied the architecture of synthetic β-carboxysomes in solution
using atomic force microscopy (AFM). The identification and structural integrity of
eGFP-fused β-carboxysomes (RbcL-eGFP-RbcS) were verified by simultaneous
AFM-fluorescence imaging (Figure 3-6). The single synthetic β-carboxysome-like
structure is ~ 250 nm large and ~ 180 nm high, slightly larger than the native
β-carboxysome and consistent with TEM results (Figures 3-2B and 3-2A) (Faulkner et
a., 2017).
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Figure 3-6. Combined confocal and AFM imaging of isolated synthetic
β-carboxysomes fused with eGFP.
A. Merged microscopic image captured using a hybrid JPK AFM-Zeiss 880 confocal
microscope. The triangular AFM cantilever is visible and arrows indicate individual
β-carboxysome particles immobilized on mica surface.
B. Fluorescence image of a single recombinant β-carboxysome indicated by the
orange arrow in A.
C. AFM topograph of the β-carboxysome captured simultaneously with the
fluorescence image B. The combination of AFM-confocal fluorescence imaging
ensures the identification of intact recombinant β-carboxysomes.
D. Height profile of the β-carboxysome structure, taken along the white arrowhead
indicated in B.
3.2.3 Expressing synthetic β-carboxysomes in Syn7942
Our study shows that the designed synthetic carboxysome operon can produce
functional β-carboxysomes in E. coli. To verify if the synthetic β-carboxysome operon
can be expressed in Syn7942 cells to enhance carbon fixation, we inserted the
synthetic β-carboxysome operon into a Syn7942 expression vector pAM2991 under
the control of IPTG-inducible Ptrc promoter (Ivleva et al., 2005). The generated vector
was then transformed into the RbcL-eGFP Syn7942 cells grown in low light (10 μE･
m-2 ･ s-1) and expressed in the presence of 100 μM IPTG (Figure 3-7A). The
RbcL-eGFP Syn7942 cells express fluorescently tagged β-carboxysomes under
endogenous genetic regulation (Sun et al., 2016). Confocal fluorescence images
show that without IPTG induction, the Syn7942 cells harbour 1.7 ± 0.78
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carboxysomes per cell (mean ± SD, n = 250, Figure 3-7B), consistent with the
previous observation(Sun et al., 2016). Meanwhile, 100 µM IPTG induction didn’t
obviously affect the size and the phenotype of the Syn7942 cells and results in the
expression of foreign β-carboxysome proteins which lead to a 50% increase in
carboxysome number per cell (2.6 ± 1.2, mean ± SD, n = 350). The carboxysomes are
spatially distributed along the long axis of the cell. Moreover, Rubisco assays
elucidate a 13.7% increase in carbon fixation activity per cell, due to the elevated
abundance of functional β-carboxysomes in vivo (Figure 3-7C). These results
describe that the expression of synthetic β-carboxysome operon can trigger the
formation of extra β-carboxysomes that are physiological positioned and functional in
native hosts.
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Figure 3-7. Enhancement of β-carboxysome formation in Syn7942 by the
expression of pLFbC901.
A. Confocal microscopy images illustrating the β-carboxysome formation and
abundance in Syn7942 cells induced by IPTG (left, no IPTG treatment; right, 100 µM
IPTG). Chlorophyll fluorescence is shown in red and fluorescently tagged
β-carboxysomes are discerned as green puncta.
B. The number of β-carboxysomes per cell increases from 1.7 (no IPTG induction) to
2.6 (100 µM IPTG induction). The whiskers show data from minimum to maximum, “+”
represents the average. Statistical analysis implies the significant difference (*** p <
0.001, two-tailed t-test).
C. In vivo 14C radiometric assays of Syn7942 cells induced by IPTG, illustrating a
13.7% increase in Rubisco activity resulted in 100 µM IPTG induction. Data are
presented as mean ± SD. *** p < 0.001 (n = 3, two-tailed t-test).
3.2.4 Modularity and interchangeability of the β-carboxysome structure
Distinct BMCs are made of protein subunits belonging to a family of homologous
proteins. We further evaluated the modularity of the β-carboxysome structure and
interchangeability of building blocks from distinct types of BMCs. The Form 1A
Rubisco large subunit CbbL of α-carboxysomes from Halothiobacillus neapolitanus
was fused with eYFP at the C-terminus and expressed in RbcL-CFP Syn7942 cells.
Confocal images reveal the explicit co-localization of CbbL-eYFP and RbcL-CFP
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(Figure 3-8A), corroborating that α-carboxysome CbbL can be encapsulated in the
β-carboxysome lumen that comprises Form IB Rubisco enzymes, probably due to the
high sequence similarity between CbbL and RbcL (78%, Figure 3-9). Likewise, the
α-carboxysome shell protein CsoS1A was fused with CFP at the C-terminus and
expressed in CcmK4-eYFP Syn7942 cells. The notable co-localization of
CsoS1A-CFP and CcmK4-eYFP implies the incorporation of α-carboxysome shell
proteins into β-carboxysome structures (Figure 3-8B), consistent with the previous
finding (Cai et al., 2015).
In addition, the PDU microcompartment shell protein PduA from Salmonella enterica
serovar Typhimurium (S. Typhimurium) fused with superfolder GFP (sfGFP) was
inserted in pAM2991 and expressed in Syn7942. PduA-sfGFP forms fluorescent
puncta and presents a typical pattern of β-carboxysome distribution in the cytoplasm
of Syn7942 cells (Savage et al., 2010; Cameron et al., 2013), indicative of the
integration of PDU BMCs shell proteins into the β-carboxysome structure (Figure
3-8C).
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Figure 3-8. Interchangeability of BMC building blocks.
A. Co-localization of RbcL-CFP and CbbL-eYFP suggesting that α-carboxysome
CbbL from H. neapolitanus can be encapsulated in the cyanobacterial β-carboxysome
structures.
B. Co-localization of CsoS1A-CFP and CcmK4-eYFP implying the integration of
α-carboxysome shell proteins from H. neapolitanus into the cyanobacterial
β-carboxysome shell.
C. Evenly distributed fluorescence puncta of PduA-sfGFP along the longitude axis of
Syn7942 cells indicating the incorporation of PDU shell proteins from S. Typhimurium
in cyanobacterial β-carboxysomes.
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Figure 3-9. Sequence alignment of representative BMC proteins using Clustal
Omega multiple sequence alignment program.
A. Sequence similarity (78%) between the Form 1B Rubisco large subunit CbbL
from H. neapolitanus and the Form 1B Rubisco large subunit RbcL from Syn7942 (*
fully conserved residue; : conservation between groups of strongly similar
properties; . conservation between groups of weakly similar properties).
B. Sequence conservation of representative BMC shell hexamers, CcmK2 from
Syn7942, CsoS1A from H. neapolitanus and PduA from S. Typhimurium (CsoS1A –
CcmK2: 53%; PduA – CcmK2: 61%).
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3.3 Discussion
The self-assembly and modularity features, as well as the specific role for CO2 fixation,
make carboxysomes a desirable engineering objective for metabolic enhancement
and production of new nanomaterials. In this work, we show the construction of
synthetic β-carboxysome operons and, to our knowledge, the first production of
functional β-carboxysome-like structures in heterologous organisms. The structure
and activity of synthetic β-carboxysomes, as well as the modularity of β-carboxysome
structures, were characterized using a combination of molecular genetics, Rubisco
assays, proteomic and immunoblot analysis, confocal, electron and atomic force
microscopy.
The synthetic β-carboxysome operon was created to assemble 12 β-carboxysome
genes. The recombinant β-carboxysomes, generated by the expression of the
synthetic β-carboxysome operon, harbour densely packed Rubisco enzymes, CcmM
and shell proteins (CcmK2, CcmK4), as confirmed by proteomic data (Table 3-1),
immunoblot analysis (Figure 3-4E), and Rubisco assay (Figure 3-4D). Our results
reveal that these proteins are the main building blocks necessary for β-carboxysome
formation and CO2 fixation. The “inside-out” model of β-carboxysome biogenesis
suggests that the assembly of the β-carboxysome is initiated from the Rubisco-CcmM
aggregation into procarboxysomes (Cameron et al., 2013), followed by the addition of
CcmN which has a C-terminal encapsulation peptide (Kinney et al., 2012) to recruit
shell proteins and result in the encapsulation of CcmK2 and CcmO. Seven out of the
12 β-carboxysome proteins were not detectable in proteomic analysis (Table 3-1).
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This may suggest the low protein abundance in β-carboxysomes or the impeded
protein expression (i.e. CcaA), probably due to the distant gene location from the T7
promoter. Nevertheless, the yield of synthetic β-carboxysomes after purification is low,
confirming the overall expression of β-carboxysome proteins in the recombinant E.
coli is restricted. Whether there are negative effects of the production of
carboxysome-like structures on the growth of E. coli cells remains unknown. Moreover,
the sizes of synthetic and native β-carboxysomes are relatively comparable (Figure
3-5), whereas the shape of synthetic β-carboxysomes is not well defined as the
natural forms, likely as a result of improper content and ratio of expressed
carboxysome proteins. All these highlights the necessity of optimising the expression
constructs and conditions in future work as well as the β-carboxysome engineering in
other hosts.
Despite the significance of Rubisco nucleation in shell encapsulation and as such
β-carboxysome formation (Cameron et al., 2013), it has been demonstrated that
synthetic β-carboxysome shell structures can be built by expressing the shell proteins
CcmK1, CcmK2, CcmO, and CcmL (Cai et al., 2016). The synthetic β-carboxysome
shells are about 25 nm in diameter, notably smaller than the native β-carboxysomes
as well as synthetic β-carboxysomes produced in this study, suggesting the roles of
interiors in determining the overall shape of β-carboxysomes.
The majority of cyanobacteria possess Form 1B Rubisco, the same as plants.
However, compared with β-cyanobacteria Rubisco, plant Rubisco exhibits a relatively
a low carboxylation activity but a high affinity for CO2 against O2. Improving the
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catalytic activity of plant Rubisco has become a target of plant engineering for
enhanced photosynthesis and capacity (Carmo-Silva et al., 2015). One possible
strategy is to engineer functional cyanobacterial carboxysomes into plants and
encapsulate plant Rubisco with the carboxysome shell that has the selective
permeability to HCO3- and CO2. Prior to this study, it has been demonstrated that
expressing β-carboxysome shell proteins and cyanobacterial Form 1B Rubisco in
tobacco chloroplasts is achievable (Lin et al., 2014a; Lin et al., 2014b; Occhialini et al.,
2016). Here, we describe the heterologous expression of functional β-carboxysomes
in E. coli, which holds promise for plant chloroplast engineering to construct entire
functional carboxysome structures for enhanced plant photosynthesis and
productivity.
It is potentially challenging to perform the multi-gene transformation in higher plants.
The production of functional β-carboxysomes requires not only the expression of 12
carboxysome proteins and possibly other associated proteins, but also is likely to
involve the manipulation of protein abundance and ratio. In a recent study, a chimeric
protein peptide CcmC, including three Rubisco small subunit-like domains, one CcaA
and the CcmN C-terminus encapsulation peptide, was designed to replace the
endogenous β-carboxysome core (CcmM, CcmN, CcaA)(Gonzalez-Esquer et al.,
2015). The reengineered β-carboxysomes were shown to support photosynthesis in
vivo. In this study, we showed that the capacity of CO2 fixation can be obtained using
a simplified carboxysome-expressing vector pLFbC601, which contains only seven
β-carboxysome genes in the ccmKLMNO and rbcLS operons. This may represent a
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promising engineering objective to produce functional carboxysomes in higher plants
towards with a simplified composition. Optimization of the pLFbC601 expression to
build functional CO2-fixing modules awaits further investigation, i.e. enhancing and
controlling the expression of individual genes, adjusting protein ratio and integrating
chloroplast carbonic anhydrases.
Despite the functional diversity, all BMCs share a common structural feature: an
icosahedral protein shell encapsulating internal catalytic enzymes (Bobik et al., 2015)
The shell proteins have conserved sequences and form typical BMC domains: the
PF00936 domain for hexameric shell proteins, the PF03319 domain for shell
pentamers, and the PF00936 domain for trimeric shell proteins (Kerfeld et al., 2005;
Tanaka et al., 2008; Klein et al., 2009). We demonstrate that the α-carboxysome shell
protein CsoS1A from Halothiobacillus neapolitanus, the PDU shell hexameric protein
PduA from S. Typhimurium, as well as the Form 1A Rubisco large subunit CbbL from
Halothiobacillus neapolitanus, can be integrated into the native β-carboxysomes in
Syn7942 cells. This is likely due to on their sequence conservation and structural
similarities relative to CcmK2 and RbcL, respectively. Our results shed lights on the
inherent modularity and interchangeability of a range of BMC building blocks, which
lay the foundation for generating chimeric BMC structures in a predictive manner, to
manipulate the metabolic activities of BMCs in native and heterologous hosts and
engineer BMC-like nanoreactors for new functions. It will expand the potential
applications of BMC-like structures in biotechnology.
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Chapter 4
Synthetic engineering of
α-carboxysomes in E. coli
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4.1 Introduction
The oceanic cyanobacteria contain α-carboxysomes with Rubisco Form IA, known as
α-cyanobacteria. The CCM of α-cyanobacteria is distinct from that of β-cyanobacteria
regarding Ci uptake pathway, genetic architecture, and shell composition. The
chemolithoautotrophic sulfur-oxidizing bacterium Halothiobacillus neapolitanus were
pursued in order to investigate the roles and the assembly of α-carboxysome as the
model system (Figure 4-1A) (Badger et al., 2003; Iancu et al., 2010). The
α-carboxysomes of H. neapolitanus are composed of nine proteins from a single
genomic locus, the cso operon, and a pseudohexameric shell protein CsoS1D. The
α-carboxysome comprises Rubisco that consists of two subunits (large subunit CbbL
and small subunit CbbS), the major shell protein CsoS1A/B/C, minor shell proteins
CsoS4A/B and CsoS1D, shell-associated protein CsoS2, and carboxysomal CA
enzyme CsoS3 (Figure 4-1B, 1C) (Rae et al., 2013; Klein et al., 2009; Roberts et al.,
2012).
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Figure 4-1. Physical and genetic organization of the α-cyanobacteria.
A. The general CCM characteristics and Ci transporters in α-cyanobacteria (Rae et
al., 2013).
B. A partial model of the α-carboxysome structure (Bonacci et al., 2012).
C. Genomic organization of the cso operon and Rubisco activase in H. neapolitanus.
The Form 1A Rubisco inside α-carboxysomes is also composed of eight large and
eight small subunits as Form 1B Rubisco (Badger et al., 2008). However, the
electrostatic potential maps show that the Form 1A RubisCO has a much more
negatively charged surface than that of the Form 1B enzymes (Zarzycki et al., 2013).
It is thought that the small subunits of Rubisco are responsible for Rubisco
encapsulation into carboxysomes by interacting with CsoS2 (Holthuijzen et al., 1986;
Kelly et al., 2000).
By using Cryo-electron microscopy, the purified α-carboxysomes from H.
neapolitanus (Schmid et al., 2006) and Synechococcus WH8102 (Iancu et al., 2007)
were found in a range of sizes which might depend on different arrangements of shell
A B
C
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proteins. Inside carboxysomes, Rubisco aggregations were preferably arranged into
the concentric layers and located in the layer adjacent to the shell (Iancu et al., 2010;
Schmid et al., 2007; Iancu et al., 2007).
CsoS1A, CsoS1B, and CsoS1C are small major shell proteins that form the shell of
the α-carboxysome. These three proteins are highly identical to each other in amino
acid sequence, except for a short C-terminal extension in CsoS1B (Tsai et al., 2007;
Cannon et al., 2001; Cannon et al., 2003; English et al., 1994), but their precise ratio
is still unknown. The crystal structure of CsoS1A was reported as hexameric units
which can pack tightly to form a molecular layer. Sulfate ion, which having a similar
size and can be considered an analog for bicarbonate, was found in the pore of the
hexamer, which indicated the negatively charged metabolites such as bicarbonate
could cross the shell through the pore (Tsai et al., 2007).
Two paralogs CsoS4A and CsoS4B, homologous to CcmL from the β-carboxysome
appear as pentamers located at the vertices of the carboxysome shell (Tanaka et al,
2008). However, although the absence of CsoS4A and CsoS4B together could result
in some elongated carboxysomes, most of the carboxysomes still formed normally in
vivo and in vitro, contrary to the prediction of the current α-carboxysome shell model
(Cai et al., 2009; Price et al., 1993; Wang et al., 2014; Price et al., 1989). Further
experiment showed that the CsoS4 protein is vital for CO2 leakage and provide the
catalytic advantage to RuBisCO derives (Cai et al., 2009).
CsoS2 is the carboxysome shell-associated protein and vital for α-carboxysome
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biogenesis (Gonzales et al., 2005). It was thought to be the third most abundant
carboxysome protein in purified carboxysomes and can interact with shell proteins
and Rubisco (Gonzales et al., 2005; Baker et al., 1999; Cai et al., 2015). In H.
neapolitanus, the yeast two-hybrid screen showed that CsoS2 protein strongly
interacts with CsoS4B, CsoS1C, and CbbS (Cai et al., 2015). The primary structure of
CsoS2 showed three regions, N-terminus enriched in α-helices (aa 1~259), the
middle composed of β-strands (aa 260~603), and the conserved C-terminus (aa
604~869) (Cai et al., 2015). The csoS2 gene can produce a full-length protein
CsoS2B (130 kDa) and a shorter protein CsoS2A (92 kDa) in H. neapolitanus. These
two proteins have a 1:1 stoichiometric expression level and share the same
N-terminus while the C-terminus of CsoS2A was truncated, because of a ribosomal
frameshifting cis elements (Chaijarasphong et al., 2016). Furthermore, intact
carboxysomes can be formed with the expression of CsoS2B along, not CsoS2A,
indicating that the N-terminus and the middle region of CsoS2 (CsoS2A/B) organize
Rubisco in the core of the lumen while C-terminus of CsoS2B anchors them to the
shell (Figure 4-2) (Chaijarasphong et al., 2016).
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Figure 4-2. Model of α-carboxysome assembly.
Differential location and function of different CsoS2 isoforms in α-carboxysome
assembly (Chaijarasphong et al., 2016).
CsoS3, also called CsoSCA, is a novel carbonic anhydrase, constitutes a subclass of
β-carbonic anhydrases (Sawaya et al., 2006). CsoS3 forms a 57kDa homodimer and
contains only one active site whereas other β-CAs contain two (Sawaya et al., 2006).
This active site was thought to bind one Zn2+ per monomer which is important for CA
activity (Heinhorst et al., 2006). Knockout of CsoSCA does not affect carboxysome
assembly (Dou et al., 2008), suggesting that it is a shell-associated component, but it
is associated with the carboxysome shell so tightly that it can only be released with
denaturants (Heinhorst et al., 2006). CsoS3 is also inactivated under reducing
condition (reducing agent to break the disulfidebonds, 10mM TCEP or 10mM DTT)
which is similar to the CA from β-carboxysomes (So et al., 2004; Pena et al, 2010).
The lower apparent catalytic rate of CsoSCA in intact α-carboxysomes than in
ruptured carboxysomes indicated that the carboxysome protein shell acts as a barrier
to capture CO2 produced by CsoS3 (Heinhorst et al., 2006).
CsoS1D is another component of the carboxysome shell. The crystal structure of the
CsoS1D protein from Prochlorococcus strain MED4 exhibits pseudohexamer block for
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incorporation into the carboxysome shell which is constitute of trimers (Klein et al.,
2009). It contains an unusually large pore with distinct open and closed conformations.
This structure might be a gate to control the transit of RuBP (Roberts et al., 2012).
Furthermore, introducing CsoS1D in the α-carboxysome engineering could modify the
structural stability and the Rubisco activity of the heterologous synthetic
carboxysomes (Bonacci et al., 2012).
Partially assembled shell proteins with attached Rubisco was observed by
cryo-electron tomography, suggesting that the shell assembling and Rubisco
aggregation is concomitant in α-carboxysomes (Kerfeld et al., 2016; Iancu et al.,
2010). Moreover, the α-carboxysome shell can still stably assemble in the Rubisco
deletion mutants and exhibit normal architecture and shape, confirming that the shell
biogenesis and Rubisco sequestration are two independent processes (Menon et al.,
2008).
To catalytically active Rubisco, the first step must be non-substrate CO2 carbamylate
Rubisco at the active-site lysine, followed by Mg2+ binding. However, premature
binding to the RuBP prior to CO2 binding makes Rubisco become an inactive complex,
blocking its ability to react with either CO2 or O2 (Tsai et al., 2015; Bhat et al., 2017;
Lorimer et al., 1976; Jordan et al., 1983; Mueller-Cajar et al., 2011). Furthermore,
during catalytic reactions, Rubisco can also be inhibited by misfire products, such as
xylulose-1,5-bisphosphate (XuBP), 2,3-pentodiulose-1,5-bisphosphate (PDBP)
(Rubisco regulation a role for inhibitors), and night-time inhibitor
2-carboxy-D-arabinitol-1-phosphate (CA1P) (Bhat et al., 2017; Andralojc et al., 2012;
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Parry et al., 2008).
A
B
Figure 4-3. The prokaryotic Rubisco activase of the green-type Form IA
Rubisco.
A. The domain structure of CbbQ from H. neapolitanus and its adapter protein CbbO
(Bhat et al., 2017).
B. Model of the function of CbbQO for Form 1A Rubisco (Tsai et al., 2015).
Rubisco activase were thought to remodel rubisco complex to release inhibitor from
inactive Rubisco (Tsai, et al., 2015; Bhat et al., 2017). They belong to the AAA+
(ATPases associated with various cellular activities) protein superfamily as
ATP-hydrolysing enzyme and contain a structurally conserved ATPase domain
referred as AAA modules, consisting of an N-terminal P-loop with α/β fold, a
nucleotide binding domain and a C-terminal α-helical domain (Teru et al., 2001). AAA+
protein can form ring-shaped hexamers and are functionally active in the presence of
ATP and RuBP. Rca was found in green algae, cyanobacteria and all plants which
contain Rubisco Form 1B (Bhat et al., 2017), CbbX from red algae containing Rubisco
Form IC and ID (Mueller-Cajar et al., 2011) and CbbQO complex from
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chemoautotrophic bacteria containing Rubisco Form 1A (Figure 4-3) (Tsai, et al.,
2015).
The sequences of cbbQ gene are highly conserved and they encode a ~30 kDa single
AAA+ subunit belonging to MoxR group. MoxR proteins often associated with proteins
containing von Willebrand factor A (VWA) domain encoded by a downstream gene
(Wong et al., 2012; Tsai, et al., 2015; Bhat et al., 2017). The crystal structure of CbbQ
revealed an N-terminal P-loop NTPase domain, and two CbbQ molecules per unit
form a ring-shaped hexamer which is typical for AAA+-ATPase. The C-terminus of
CbbQ is structurally unique (Figure 4-3A), this domain was mainly found on one
surface of the hexamer, structurally filling the inter-monomer gaps and forming the
concave face of the hexamer. This unique and high conserved surface might facilitate
the interaction with substrates or other proteins (Sutter et al., 2015). Furthermore,
CbbQ strongly interacts with CsoS1, indicating that it is associated with the
carboxysome shell (Sutter et al., 2015).
CbbO has a C-terminal VWA domain with a metal-ion-dependent adhesion site
(MIDAS) (Figure 4-3A). This site can be involved in protein interactions via a metal
cation (Xiong et al., 2002; Santelli et al., 2004). Mutagenesis showed that MIDAS
could interact with Rubisco large subunit (Tsai et al., 2015; Mueller-Cajar et al., 2011).
These data support a model that involves CbbQ and CbbQ forming a bipartite
complex comprising hexameric CbbQ activase, and CbbO as an adapter between the
activase and Rubisco by its VWA domain (Figure 4-3B) (Tsai et al., 2015). Previous
research showed that co-expression of CbbQ and/or CbbQ with Rubisco can increase
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the rubisco activity when Rubisco is heterologously expressed in E. coli (Hayashi et
al., 1997; Hayashi et al., 1999).
The functional α-carboxysomes have been synthesized in E. coli and
Corynebacterium glutamicum with Rubisco activity (Bonacci et al., 2012; Baumgart, et
al., 2017), and empty carboxysome shells lacking RuBisCO can be formed in H.
neapolitanus (Menon et al., 2008). These results emphasized α-carboxysomes as
orthogonal modules for synthetic biology approaches and highlighted the possibility of
engineering and modulating α-carboxysomes for not only studying the characteristics
of carboxysome biosynthesis but also engineering metabolic organelles in
heterologous organisms. Introducing proteins which might help the function and
assembly of carboxysomes, such as GroEL/ES, Rubisco assembly factor (RAF) and
Rubisco activase, will help us understand their physiological roles. Given that
functional α-carboxysomes can be synthetised in other hosts, proper Rubisco
assembly appears not affected without GroEL/ES and RAF. It is not certain whether
Rubisco activase is critical for the assembly and function of carboxysomes. In this
study, I introduced the Rubisco activase CbbQ complex H. neapolitanus to
heterologously express α-carboxysomes, which led to an enhanced carbon-fixation
activity of α-synthetic carboxysomes.
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4.2 Results
4.2.1 Expression of α-carboxysomes in E. coli
The pHnCB plasmid (Figure 4-4A) including the α-carboxysome cso operon was
expressed in E. coli and results in the production of synthetic α-carboxysomes with
well formed structure, expected molecular components, and able to fixing CO2 in vivo
and in vitro (Bonacci et al., 2012). Furthermore, the pHnCBS1D plasmid (Figure 4-4B)
which added the csoS1D gene into the pHnCB plasmid was shown to possess
increased structural stability but decreased Rubisco activity α-carboxysomes, given
that CsoS1D was deduced to gate the transport on the carboxysomes shell (Bonacci
et al., 2012). This implies the possibility of improving the quality of synthetic
carboxysomes by adding relevant components.
Figure 4-4. Synthetic operon of the H. neapolitanus α-carboxysome expressed
in E. coli with different modification proteins. A:pHnCB and B:pHnCBS1D from
previous research (Bonacci et al., 2012); C:CsoS1D and D: CsoS1DCbbQ from
this project.
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To enhance the structural stability and functionality of synthetic carboxysomes, I first
inserted the cso operon and CsoS1D gene into a pAM2991 plasmid with a T7
promoter that can express proteins in E.coli by IPTG introduction (Figure 4-4C). After
IPTG induction, this plasmid can induce the expression of carboxysome structures
with stable Rubisco activity (Figure 4-8A). In addition, our cooperator group from
Australia introduced CbbQ after the CsoS1D into the pSE21 (Grigor'Ev et al., 1990)
plasmid to generate the plasmid named as CsoS1DCbbQ (Figure 4-4D).
Expression of CsoS1D and CsoS1DCbbQ in E. coli was induced by 50 µM IPTG
which was the best condition to express carboxysomes by pHnCBS1D plasmid
(Bonacci et al., 2012). The formation of synthetic α-carboxysomes was verified by
thin-section electron microscopy. Expressed α-carboxysomes were densely packed in
the cells containing CsoS1D (Figure 4-5A) and CsoS1DCbbQ (Figure 4-5B) plasmids.
Figure 4-5. Electron microscopy of α-carboxysome in vivo (Scale bars: 500 nm).
A. Expression of CsoS1D at 50 µM IPTG.
B. Expression of CsoS1DCbbQ at 50 µM IPTG. Arrowheads in A and B indicated the
carboxysomes in vivo.
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4.2.2 Protein composition and structures of the purified synthetic
α-carboxysomes
The recombinant α-carboxysomes were purified by sucrose density gradient
centrifugation and were collected from the 40% fraction. SDS-PAGE of the CsoS1D
and CsoS1DCbbQ isolated protein complexes showed similar composition as
pHnCBS1D isolated samples (Figure 4-6A) (Bonacci et al., 2012), which revealed the
presence of Rubisco subunits CbbLS, the major shell proteins CsoS1ABC and two
types of CsoS2.
Both CsoS1D and CsoS1DCbbQ carboxysomes showed icosahedral shape under
TEM (Figure 4-6B and 4-6C) and the diameters of the isolated CsoS1D and
CsoS1DCbbQ carboxysomes were slightly larger than 100 nm, similar to that of
pHnCBS1D (Bonacci et al., 2012). However, free Rubisco proteins (size ~ 10 nm and
only exist in the isolated carboxysome samples) and broken shells \were observed in
both isolated carboxysome samples (Figure 4-6B), which were also detected in
pHnCBS1D isolated carboxysomes (Bonacci et al., 2012).
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Figure 4-6. Characterization of purified α-carboxysomes in vitro.
A. SDS/PAGE gel of purified α-carboxysomes from CsoS1D, CsoS1DCbbQ strains.
B. Electron microscopy image of representative purified α-carboxysomes expressed
using CsoS1D plasmid.
C. Electron microscopy image of representative purified α-carboxysomes expressed
using CsoS1DCbbQ plasmid (Scale bars: 100 nm). Arrowheads in B and C indicated
the free Rubisco proteins.
The purified samples were further analyzed by mass spectrometry, using yeast
enolase (50 fmol μL−1) as the control. The relative abundance of the proteins was
normalized against the amount of the minor shell protein CsoS4A (Table 4-1). From
the proteomic results, we found that all of the ten proteins from CsoS1D and 11
proteins from CsoS1DCbbQ were identified. The small shell protein CsoS1 is the
most abundant, followed by Rubisco large subunits CbbL, and then Rubisco small
subunits CbbS or shell associated protein CsoS2. CsoS4A/B is the minor proteins as
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vertex were detected at lowest content, and the relative abundance of CsoS3 and
CsoS1D were also minor.
Protein
CsoS1D
Normalized amount (fmol)
CsoS1DCbbQ
Normalized amount (fmol)
CsoS1 230.64±27.02 66.56±14.36
CbbL 125.59±56.34 208.23±79.51
CbbS 66.83±43.37 256.4±26.29
CsoS2 84.57±5.15 100.62±37.87
CsoS4B 1.63±0.19 1.29±0.08
CsoS1D 1.26±0.53 1.91±0.55
CsoS3 1.94±1.04 0.75±0.21
CsoS4A 1 1
CsoCbbQ No CsoCbbQ gene 21.16±10.48
Table 4-1. Proteomic results of isolated α-carboxysome from CsoS1D and
CsoS1DCbbQ.
The column of normalized amount displays the amount of each of the carboxysomal
proteins detected in isolated α-carboxysome using mass spectroscopy, normalized
against the amount of the CsoS4A.
We further studied the architecture of purified synthetic α-carboxysomes in solution
using AFM. The synthetic CsoS1D carboxysomes (Figure 4-7A) were around 128.48
± 21.51 nm high, while the synthetic CsoS1DCbbQ carboxysomes (Figure 4-7B) were
around 110.30 ± 17.12 nm high, slightly smaller than CsoS1D carboxysomes.
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Figure 4-7. AFM image of intact purified α-carboxysome from A. CsoS1D and B.
CsoS1DCbbQ.
4.2.3 Activity of synthetic α-carboxysomes
14C radiometric Rubisco assays were performed to determine the carbon fixation
activities of purified synthetic α-carboxysomes. NaH14CO3 can be dehydrated into
14CO2 by CA enzyme, so by supplying a range of concentrations of D-ribulose
1,5-bisphosphate sodium salt hydrate (RuBP) as the substrate, the initial Rubisco
fixation was measured by recording fixed 14C in 3-PGA. Michaelis-Menten model was
used to analyze the data. The CsoS1DCbbQ synthetic carboxysomes have a higher
Rubisco activity with Vmax = 8.4 ± 1.6 µmol/min/mg (Figure 4-8 red) compared with
CsoS1D Vmax = 2.9 ± 0.19 µmol/min/mg (Figure 4-8 black). Furthermore, the
apparent Km for RuBP of CsoS1D carboxysomes is 0.23 ± 0.09 mM in contrast to that
of CsoS1DCbbQ (Km = 0.96 ± 0.05 mM), which indicated higher RuBP affinity in
CsoS1D carboxysomes than CsoS1DCbbQ carboxysomes.
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Figure 4-8. Carbon fixation activity of isolated α-carboxysome.
The Michaelis-Menten model to show the function of CsoS1D (black) and
CsoS1DCbbQ (red) under a range of D-ribulose 1, 5-bisphosphateconcentration.
4.3 Discussion
Generating synthetic α-carboxysomes will help us to understand the essential
proteins which functional carboxysomes required. Previous research on the
heterologous production of α-carboxysomes was successful (Bonacci et al., 2012).
Although CsoS1D as trimer improve the assembly of α-carboxysomes, the Rubisco
activity of synthetic carboxysomes decreased compared with that of the
carboxysomes expressed only cso operon (Bonacci et al., 2012).
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The CbbQO complex from H. neapolitanus has been identified as Rubisco activase
(Tsai et al., 2015; Sutter et al., 2015). CbbQ and CbbO can improve the free Rubisco
activity in E. coli (Hayashi et al., 1997; Hayashi et al., 1999). In this study, we
introduced CbbQ in α-carboxysome engineering. By the combination of molecular
genetics, SDS-PAGE, Rubisco assays, proteomic analysis, electron and atomic force
microscopy, we rebuilt the construct by adding CbbQ and produced heterologously
α-carboxysomes in E. coli. The structure and activity of synthetic α-carboxysomes
were characterized and validated. Our data showed the incorporation of CbbQ into
the synthetic carboxysome. No detectable structural change of synthetic
carboxysomes was observed. More importantly, there is a notable increase in
Rubisco activity with the addition of CbbQ, which demonstrates its function as the
Rubisco activase. However, the effects of addition of CbbO and other factors on
improving carboxysome structure, assembly and activity require further investigation.
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Chapter 5
Engineering α-carboxysome
shells in E. coli:
a new nanobioreactors
109
5.1 Introduction
The protein shell of BMCs, structurally resembling virus capsids, is made of hundreds
of multiple protein paralogs forming hexagons and pentagons and acts as a physical
barrier that controls the passage of substrates and products of enzymatic reactions.
These specific structures allow BMCs to reduce toxicity and increase the activating of
entire metabolic pathway. All of the shells of BMCs share an architectural similarity as
I described before (Chapter 1-1.1, Figure 1-2)(Kerfeld et al., 2015; Yeates et al.,
2013).
There are mainly three types of proteins that build up BMC shells, the hexamers as
shell proteins, the pentamers located at the vertices of the shell and the trimers or
pseudohexamers deduced to act as the barriers for controlling metabolite transport
(Yeates et al., 2013). Depending on the native structure of BMC, we can enhance the
catalytic metabolism by imitating the structure or even redesign them to receive new
synthetic purposes (Jordan et al., 2016).
The engineering of synthetic BMC shells has drawn particular attention recently for
bioengineering of nanoreactors (Choudhary, 2012; Parsons, 2010; Parsons, 2008;
Sargent, 2013). The shell of β-carboxysomes from Halothece sp. PCC 7418 were
synthesized in E. coli by using two BMC-H proteins CcmK1 and CcmK2, one BMC-P
protein CcmL and one BMC-T protein CcmO (Cai et al., 2016). These shell proteins
form 20 nm shell structures containing a single protein layer, notably smaller than that
of native carboxysomes (~150 nm) (Cai et al., 2016). Furthermore, fluorescent
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proteins can be recruited by using the encapsulation peptide of CcmN or the N-term
of CcmM (Cai et al., 2016).
The synthetic EUT and PDU shells have also been produced and can encapsulate
fluorescent proteins or other enzymes in E. coli. Hexameric EutS protein alone or
EutSMNLK proteins together can self-assemble to form polyhedral shells, and EutQ
serves as an assembly hub to control the number of synthetic shells (Choudhary et al.,
2012; Held et al., 2016). The shell proteins of PDU expressed in E. coli independently
can form different aggregated structures. The combination of PduABJKMNTU can
create a minimal PDU shell (Parson et al., 2010; Sinha et al., 2012; Wagner et al., 201;
Parsons et al., 2008). The β-galactosidase, esterase Est5, and glycerol
dehydrogenase have been fused with PduP-EP and captured inside of synthetic PDU
shell in catalytically active form (Hanna et al., 2017). Furthermore, although the
function of the microcompartments from Haliangium ochraceum hasn’t been
characterized, the shell proteins can also produce small shells in high yield to
encapsulate new proteins by EP tags (Lassila et al., 2014; Sutter et al., 2017).
There are also other cage-like architectures built up based on self-assembling
proteins, some of which have shown to encapsulate active enzymes (Fiedler et al.,
2010; Comellas et al., 2007; Worsdorfer et al., 2011; Inoue et al., 2008; Snijder et al.,
2016). The lumazine synthases from Aquifex aeolicus, which catalyze the penultimate
step of riboflavin biosynthesis, are also used to build protein cages (Frey et al., 2016),
and this protein cage can encapsulate carboxysomal enzymes Rubisco and CA by
electrostatic tagging system to form mimic carboxysomes. Although these mimic
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carboxysomes have no specific permeability to HCO3- or CO2, this research still
showed the principles for constructing artificial nanocages (Frey et al., 2016).
Using computational design, 60-subunit icosahedral nanocages (25 nm) are
generated in E. coli by the self-assembled trimeric protein (Hsia et al., 2016). GFP can
be fused to the shell, and designed protein pentamers can be placed on it to modulate
the size of the cage. Furthermore, the combination of different ratio of dimeric, trimeric
and pentameric proteins can result in the construction of 120-subunit nanocages.
Three distinct icosahedral architectures are generated and they are large enough to
capture nucleic acids or proteins inside (Bale et al., 2016). Furthermore, the
oxygen-tolerant [NiFE]- hydrogenase has been encapsulated within the
bacteriophage P22 capsid and shown to be functional in hydrogen production (Jordan
et al., 2016).
To study the synthetic α-carboxysome shells but not the native α-carboxysome shells
in H. neapolitanus (Menon et al., 2008) will help us to understand whether the
self-assembly of the carboxysome shells requires any other help. And it is much
easier to modify the components and the structure of the shells or introduce different
cargos inside the shells in E.coli than in H. neapolitanus. In this chapter, we generated
a construct to express synthetic α-carboxysomes without Rubisco, allowing the
production of empty α-carboxysome shells in E. coli. We isolated the α-carboxysome
shells and characterized their protein composition, structure, and stability. Building
synthetic carboxysomes shell is vital for understanding the assembly of BMC shell
and its potential to recruit nanoreactors for agricultural, industrial or medical use.
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5.2 Results
5.2.1 The synthetic operon for expressing α-carboxysome shell proteins
The α-carboxysomes major proteins were all in one major cso operon. Deletion of
Rubisco in H. neapolitanus impact little on the structure and the size of the shell
(Menon et al., 2008). Our CsoS1D plasmid built in Chapter 4 contains genes encoding
all the shell proteins, Rubisco, and CA. To acquire a plasmid which can synthesize the
empty shell, we knocked out the cbbL and cbbS genes from this plasmid (Figure 5-1).
First, the primers contain 39 bp overlap sequences before CbbL and after CbbS
genes were used to amplify the aadA gene (spectinomycin-resistance). Then, with the
help of λ-Red recombinase plasmid pKD46 (Baba et al.,2006; Datsenko et al, 2000),
aadA gene was introduced into the CsoS1D plasmid to replace the cbbL and cbbS
genes. Finally, the pCP20 Flp helper plasmid (Cherepanov et al., 1995) were
introduced to delete the aadA gene by Flp-FRT (recombinase flippase - flippase
recognition target) recombination (Zhu et al., 1995). The PCR results from CbbL:
CbbS primers showed there are no CbbL: CbbS genes left (Figure 5-2A right), and
CsoS3: CsoS4 PCR has bands means other parts of the plasmid are intact (Figure
5-2A left). So by the two-step recombination, we obtained the α-carboxysome shell
expression plasmid consisting of genes encoding major shell proteins CsoS1A/B/C,
minor shell proteins CsoS4A/B, shell-associated proteins CsoS2 and CsoS3 (Figure
5-1). The α-carboxysome shell was produced using the same protocol for
heterologous expression of α-carboxysomes described in Chapter 4: 50 µM IPTG,
18ºC treatment for overnight.
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Figure 5-1. The synthetic operon for expression of the H. neapolitanus shell
proteins by two-step recombination to knock out Rubisco from CsoS1D
plasmid and obtain shell plasmid.
First use spectinomycin to replace cbbL:cbbS by using BW25113 strain which carries
λ-Red recombinase plasmid pKD46. And then use the FRT site to cut spectinomycin
to get the clean α-carboxysome shell plasmid.
Shell-expressing cells were analyzed using thin-section EM. We observed shell-like
structures inside the E. coli cell (Figure 5-2B). They are not like synthetic
α-carboxysomes in vivo with high internal protein density but appear as curly
structures or empty carboxysome shell with broken structures.
5.2.2 Purification of α-carboxysome shells
The α-carboxysome shells in H. neapolitanus were produced by replacing Rubisco
with kanamycin, and the empty shells can be isolated using the same protocol for
isolating native α-carboxysomes in H. neapolitanus (Menon et al., 2008). Thus, we
used the method for purifying synthetic α-carboxysomes to purify synthetic shells and
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harvest the 20% sucrose fractions, because the empty shells should be lighter than
the intact carboxysomes. The SDS-PAGE results showed strong expression of
CsoS1A/B/C and CsoS2A/B proteins, and the absence of CbbL and CbbS protein
bands were observed when compared with CsoS1D results (Figure 5-2C). CsoS3,
CsoS4A/B, and CsoS1D were not observed in SDS-PAGE, likely due to the low
expression levels. These results indicate that the shell proteins can self-assemble
together.
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Figure 5-2. Expression of α-carboxysome shell.
A. PCR results of the knock out Rubisco from CsoS1D strain to get the α-shell
plasmid. Primers used to detect CsoS3:CsoS4AB and CbbL:CbbS were in the Table
2-1. “+” represents positive control, “-” represents negative control
B. Thin-section EM image showing induced E. coli cells, arrowheads showed
foreigner structures. Scar bar=200 nm
C. SDS-PAGE of purified shell from 20% fraction of sucrose gradient, CsoS1A/B/C
and CsoS2 can be detected. Purified CsoS1D from 40% fraction as control showed
CbbL and CbbS proteins.
The isolated α-carboxysome shells obtained from 20% sucrose fraction were
analyzed by mass spectroscopy, and the results showed that all the shell proteins
were expressed. The highest abundant proteins are CsoS1A/B/C and followed by
CsoS2 protein; CsoS4A/B, CsoS1D and CsoS3 proteins possess low abundance
(Table 5-1). The proteomic analysis demonstrated that the ratio of the component and
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the constitution of the empty shell is similar to the synthetic α-carboxysomes (Table
5-1). No Rubisco proteins were detected, suggesting that Rubisco is not essential for
α-carboxysome shell assembly. This is distinct from the biogenesis pathway of
β-carboxysomes (Cameron et al., 2013).
Table 5-1. Proteomic results of the isolated shell.
The column of the normalized amount displays the amount of each of the
carboxysomal proteins detected in the isolated shell using mass spectroscopy,
normalized against the amount of CsoS4A.
5.2.3 Characterization of purified α-carboxysome shells
The 20% fractions of sucrose gradient were examined by TEM. In the 20% sucrose
fraction, icosahedral structures with edges and vertexes were found (Figure 5-3A).
Compared with synthetic α-carboxysomes, this structure has a low protein density
within the compartment. Furthermore, the size of the particles is around 60~80 nm
(Figure 5-3B), smaller than synthetic and native α-carboxysomes (Chapter 4; Bonacci
et al., 2012; Faulkner et al., 2017). These TEM results showed the empty
α-carboxysome shell could be heterologously assembled successfully. Compared
Protein Normalized amount(fmol)
CsoS1 101.76 ± 9.5
CsoS2 48.62 ± 8.26
CsoS4B 2.64 ± 0.03
CsoS1D 0.16 ± 0.05
CsoS3 0.16 ± 0.08
CsoS4A 1
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with 20% sucrose fraction, the 30% and 40% sucrose fractions have lower protein
density and fewer carboxysome-like structures were observed in EM, by contrast,
synthetic α-carboxysomes were mainly distributed in the 40% sucrose fraction
(Chapter 4), due to the low protein density of synthetic shells.
Figure 5-3. Characterization of the purified α-carboxysome shells.
A. Negatively stained electron microscopy images of the isolated α-carboxysome
shells. (Inset) Zoom in of the shell. Scar bar = 50 nm.
B. The distribution of the diameter of isolated α-carboxysome shell depends on 150
particles.
C. AFM image of intact purified α-carboxysome shell and D. after breakage to show
the empty inside of the shell.
We further characterized the shell structure by AFM. The empty shell showed an
average height of 50~80 nm (Figure 5-3C). We also found that the shells can be
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easily broken during AFM imaging, even with gentle scanning force less than 100 pN.
After the shell breakage, internal hollow of the shell was visible (Figure 5-3D). The
softness of the shell might be ascribed to the lack of Rubisco packing.
5.3 Discussion
The synthetic shells enable systematic study on the structural and functional roles of
shell proteins. We found that empty α-carboxysome shells can be expressed and
formed in E. coli without Rubisco, indicating the independence of α-carboxysome
shell formation on the presence of Rubisco core. Furthermore, the lack of the core
within the shell might be the reason for the reduced size of the empty shell in contrast
to those of synthetic and native α-carboxysomes (Bonacci et al., 2012; Faulkner et al.,
2017).
The production of synthetic α-carboxysome shells provides promise for design and
engineering new bioreactors by recruiting new enzymes. The carboxysomes shell
create a microenvironment with a high CO2 concentration around the cargos, which
may facilitate the activity of O2-sensitive enzymes. For example, hydrogenases are
sensitive to O2 and can transform H2O into H2. By linking scaffold proteins with two
major subunits of hydrogenase, HyaA and HyaB, the hydrogenase could be captured
and kept functional inside bacteriophage P22 capsid shells (Jordan et al., 2016). It
was shown that the C-terminus of CsoS2 serves as the linker to target Rubisco to the
shell (Cai et al., 2015). Thus, fusing hydrogenase with the C-terminus of CsoS2 may
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allow the generation of new nanocages encapsulating hydrogenases to underpin
hydrogen production, which has potential industrial applications.
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Chapter 6
Conclusions and Perspectives
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Engineering carboxysomes in heterologous hosts for new functions has attracted
increasing attention recently. Two types of carboxysomes consisting of similar
structural morphology show great potentials of bioengineering. In this work, we
conducted the synthetic engineering of α- and β-carboxysomes as well as empty
carboxysome shells in E. coli and characterized the composition, structure, and
function of the produced synthetic organelles. In Chapter 3, we expressed
β-carboxysomes from Synechococcus elongatus PCC 7942 into E. coli. The plasmids
contain the genes encoding β-carboxysome proteins were constructed. Expression of
β-carboxysome proteins in BL21(DE3) cells were determined by SDS-PAGE, western
blotting, and mass spectrometry, though at a low level. The generated
carboxysome-like structures were observed by EM and AFM, and the activity of
synthetic carboxysomes was examined by Rubisco assays in vivo and in vitro.
Furthermore, the interchangeability of proteins from different BMC origins was
characterized. In Chapter 4, synthetic α-carboxysomes were produced in E. coli and
their assembly and Rubisco activity were described in detail. We further redesigned
the α-carboxysome-expressing constructs by adding the gene encoding Rubisco
activase CbbQ. This resulted in an enhanced Rubisco activity and no significant
effects on the composition and assembly of synthetic α-carboxysomes. In Chapter 5,
intact empty shells (50~80 nm in diameter) based on the α-carboxysome structure
were generated using the E. coli expression system and were isolated at a high yield
for structural and functional characterization. Producing and modulating intact
carboxysome shells lay the foundation for constructing new nanobioreactors and
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nanocages, based on BMC structures, with the potentials of adjusting metabolic
activities.
In Chapter 3, the low-level protein expression and unspecific shape with limited
Rubisco activity of synthetic β-carboxysomes reveal the necessity of understanding
the native carboxysome assembly and function for modifying the protein expression
and assembly conditions to improve carboxysome engineering. For instance, the
exact abundance of individual components of α- and β-carboxysomes and their
regulation at the transcript and translation levels which are still a mystery. Moreover, it
is vital to characterize the proteins/factors involved in the assembly and function of
carboxysomes. Heterogeneous engineering of active Rubisco requires several
proteins, such as Rubisco activase and chaperones, which include chaperonins
Cpn60/Cpn20, RuBisCo accumulation factors 1 and 2, RbcX, and bundle-sheath
defective-2 (BSD2) (Aigner et al., 2017). Because of the assembly of β-carboxysome
initiates from Rubisco core aggregation, these Rubisco assembly factors might be
introduced to improve the structure and function of synthetic carboxysomes. In this
study, we tested the effects of the Rubisco activase CbbQ on the activity of synthetic
α-carboxysome. The future study will focus on the roles of CbbO in engineering
α-carboxysome structures for enhanced Rubisco activity.
Engineering the cyanobacterial CCM, especially carboxysomes into the chloroplasts
is a convincing approach to improving plant photosynthesis. However, previous
research only showed transient expression of β-carboxysomes shell proteins could
form aggregations in chloroplasts (Lin et al., 2014), and chloroplasts transformation is
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still arduous in most of the crop plants. So studying the engineering of carboxysome
in E. coli can help us to understand the possibility of the stable carboxysome
assembly in plant and further simplify this process. However, depending on my results,
the β-carboxysome structures synthesized in E. coli are imperfect, which means
synthesized functional β-carboxysome in plants might not achievable for now. The
α-carboxysome and α-empty shell can be self-assembled in E. coli which exhibited
the possibility of α-carboxysome assembly in the plant. However, the different surface
charges of Rubisco Form 1A and 1B (Zarzycki et al., 2013) indicated inserting plant
Form 1B Rubisco into synthetic α-carboxysomes may not be possible. But we still can
try whether Form 1A Rubisco can work appropriately in plant or capture Form 1B
Rubisco into α-carboxysome shells with the help of EP.
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